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Abstract 
There is a current industrial requirement for the development of suitable test-
methodology that is capable of in-situ mechanical and physical characterisation of 
the interface and interfacial region in composite materials. The most promising tool 
for micro- and nano-scale measurements is the atomic force microscope (AFM) 
although, for suitable test-methodology to be realised, further development is 
required. The work contained within this thesis documents the development of AFM 
procedures for the measurement of elastic moduli variation across the interface and 
considers the physical size of the interfacial region. 
The first AFM procedure is for the analysis of multiple (AFM) indentations and the 
quantification of each indentation (in terms of reduced elastic moduli). Results of 
interfacial testing using this procedure highlighted short transition regions of 
apparently increased elastic moduli between the glass reinforcement and the 
polymeric matrix. It was not possible to identify whether the increase in elastic 
moduli was representative of an interphase due to the possibility that the 
indentations in this region were restricted by the presence of the glass fibre-
reinforcement. A second, novel procedure was then developed to independently 
verify whether or not any indentations were restricted, and identify whether a 
measured transition is representative of an interphase. This procedure was based 
on the principle that the any indentation performed in close proximity to the glass 
fibre-reinforcement would have an uneven distribution of loading between the 
surface and the indenter tip. The uneven distribution of loading resulted in torsion of 
the indenter tip, which was measured during multiple indentations across the 
interface of a glass fibre-reinforced phenolic composite. It was found that the 
apparent increase in elastic moduli measured across the interface was directly 
related to restriction due to, and contact with, the proximity of the glass fibre-
reinforcement. 
Finally, the latest AFM technique with the potential for quantitative measurement, is 
reviewed. The work has shown that AFM nanomechanical mapping has the potential 
to be a useful supplement to liT for measuring the small-scale elastic modulus of a 
polymer surface. It was found that the technique can provide repeatable 
measurements of polymer moduli for a number of different probes provided that 
careful calibration procedures are used. 
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1 Introduction 
1.1 Background 
In order that the UK Industry remains competitive, engineering structures and the 
materials used must be carefully designed to meet high specification requirements. 
Generally favoured due to their light weight and advanced properties, over the past 
20-30 years there has been substantial growth in the use of composites as a 
replacement for traditional materials. Composite materials are normally formed from 
two materials, a bulk continuous matrix and a harder reinforcing phase, with an 
interface between. This interface is critical in determining the effectiveness of the 
composite in terms of its overall strength; stiffness, fracture toughness, residual 
stresses and environmental resistance. Composite materials are now used in 
mechanically demanding and aggressive environments and so it is important that 
the mechanical properties and the overall durability may be predicted. To ensure 
that the predictions are based on accurate and appropriate data, the properties of 
the interface need to be understood, and more importantly measured. 
The mechanical properties of an interface are often influenced by the addition of 
coupling agents, such as aminosilane for a glass fibre-reinforced polymer, which 
improve the chemical compatibility between the matrix and filler (improving 
adhesion). Various studies, which are reviewed within this thesis, have proven that 
the coupling agents can form a distinct and measurable interphase between the 
matrix and reinforcement. Largely limited by the inability to measure the interphase 
region, classical prediction of the overall composite properties rarely take into 
account the presence of any interphase and in the majority of cases, it is assumed 
to be of zero thickness (perfect bonding). Over the past 20 years, the interphase has 
become an increasingly studied area of research as its responses to stresses and 
strains will influence the overall properties of the composite and, critically for 
industry, its failure mechanisms. 
The difficulty in characterising micro- and nano-scale interfaces is highlighted by the 
report "Characterising Micro and Nanoscale Interfaces in Advanced Composites" [1] 
which shows that there is no current method of testing for quality assurance that is 
quick to apply and independent of the fibre/matrix system. 
In order to further the understanding of composites at the micro- and nano-
mechanical level, development in suitable test-methodology capable of in-situ 
mechanical and physical characterisation of the interphase independent of the 
reinforcement type and geometry is required. 
1.2 Aims of this work 
The scope of this project has originated in response to the industrial requirements to 
provide suitable, accurate and reliable test methodologies in order to characterise 
the interface region of polymer composites. In particular, the general objectives are 
as follows: 
• Find and evaluate a suitable test method for the mechanical characterisation 
of the interface/interphase region of polymer composites. 
• Produce methodology for the selected test method which can be carried out 
in industry. 
Two main test methods have been evaluated for the mechanical characterisation of 
the interface/interphase region, instrumented nano-indentation (lIT) and atomic force 
microscopy (AFM). The focus of this work is on the capabilities of the AFM to 
measure the interfacial region of the above composites. In its most simple form the 
AFM consists of a small tip (with a typical radius < 20 nm) that is attached to the end 
of a cantilever and then either pressed onto or dragged over the surface of the 
sample. The resultant deflection of the cantilever can then be converted to an 
applied force and the tip-surface interaction calculated. Advanced methods of 
controlling the AFM have led to non-destructive scanning methods that are capable 
of nano-scale profiling of surface features and properties as well as indentation 
techniques with < nN resolution. 
In order to investigate the novel nanomechanical test techniques above, results of 
interfacial testing are presented for a range of polymeric composites that may have 
an interphase. Three types of polymeric composites have been evaluated; glass 
flake-reinforced polypropylene with various types and concentrations of sizing; two 
glass fibre-reinforced vinylester samples with reported strong and weak interfacial 
bonding and; a glass fibre-reinforced phenolic for which a 1 J.lm to 5 J.lm interphase 
has been reported in other work [2]. From these samples, conclusions as to the 
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capabilities of the novel nanomechanical test techniques and related methodologies 
are presented. 
1.3 Outline of thesis 
This present report consists of ten chapters. The structure of the following nine 
chapters is outlined below. 
Chapter 2: Literature Review 
This review aims firstly to discuss the nature of the composite interface and why its 
properties are so critical in the performance and durability of a composite material. 
An additional aim of this review is to evaluate the current test methodology and the 
relevance of any measured properties to the interface/interphase. The final aim is to 
evaluate potential test-methodology that may meet the aims of this thesis; namely, 
the development of test-methodology capable of in-situ mechanical and physical 
characterisation of the interphase independent of the reinforcement type and 
geometry. 
Chapter 3: Materials and physical characterisation of the interfacial region 
This chapter provides an overview of the materials evaluated in this thesis, and 
supplementary techniques that were used to support the results of the nano-scale 
mechanical test methods. Two main types of material will be introduced, various 
glass-reinforced polymeric composites and a number of reference materials used for 
calibration purposes. The techniques described within this chapter are optical and 
electron microscopy, which were used to image the interfacial region of prepared 
composite cross-sections and fracture surfaces. The results and conclusions drawn 
from these images concerning the presence of any interphase will subsequently be 
used to support the results from the nano-scale mechanical test methods in the 
following chapters. 
Chapter 4: AFM scanning techniques 
This chapter seeks to evaluate a nano-scale mechanical test technique, atomic 
force microscopy, for characterising the interfacial properties of a composite at high 
resolution. The capability of the AFM, in scanning modes, to produce surface 
images of the mechanical and physical properties of an interfacelinterphase will be 
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assessed. The work shows that AFM scanning techniques are capable of measuring 
qualitative variation in the mechanical and physical properties across the interface of 
a glass reinforced polymer composite. 
Chapter 5: Force-displacement AFM and nano-scale indentation 
This chapter seeks to present two techniques, AFM in force-displacement mode and 
instrumented nano-indentation, as potential quantitative techniques for interphase 
characterisation. The capabilities of force-displacement AFM will be discussed in 
order to define any improvements or research that the quantification of the 
technique may require. Results of indentation across the interface will be presented 
and conclusions drawn. 
Chapter 6: Quantification of force-displacement AFM for the elastic modulus 
characterisation of interfaces 
In this chapter, force-displacement AFM has been calibrated to produce a method 
known as AFM indentation that was used to measure elastic modulus variation 
across the interface of various glass-reinforced polymer systems and a lead-free 
copper-solder joint. The elastic modulus of each material constituent and the 
measurements of the interface/interphase are discussed. The results in this chapter 
are used to demonstrate a requirement for new procedures that enable the 
identification of measurement artefacts. 
Chapter 7: Novel procedures for the detection and identification of measurement 
artefacts in indentation techniques. 
This chapter seeks to challenge the assumption that indentation in the interfacial 
region of polymer composites may be used to identify, unambiguously, an 
interphase which has distinct elastic properties. The work presented addresses the 
requirement for a procedure to independently verify whether or not indentations 
measured in the proximity of a hard reinforcement are due to interphase or 
measurement artefacts. Evidence will be presented in the form of results of 
indentation over the interface of a glass fibre-reinforced phenolic composite with 
simultaneous measurement of the elastic modulus and the relative torsion on the 
cantilever. 
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Chapter 8: High-speed nanomechanical elastic modulus mapping of polymers and 
interfaces 
This chapter contains an experimental review of one of the latest AFM based high-
speed nanomechanical mapping methods that may be suitable for the measurement 
of interface/interphase regions in composite materials. The AFM, in peak force 
quantitative nanomechanical mapping mode has been evaluated using a large 
range of reference samples and various AFM probes to determine how reproducible 
the measurements were. Following this, the capability of the technique to measure 
the reduced elastic modulus is discussed. 
Chapter 9: Conclusions and suggestions for future work 
In this chapter, the key conclusions and implications of the present study are 
summarised and the implications and recommendations for future work discussed. 
2 Literature Review 
2.1 Introduction 
There is a current requirement for the development of in-situ test-methodology that 
is capable of measuring the mechanical and physical properties of the composite 
interface independent of the reinforcement geometry. In order that composite 
mechanical models are based on accurate material properties, experimental test 
methods must be capable of isolating and subsequently measuring the desired 
property. Well-researched and commonly used techniques for measuring the 
interfacial strength of fibre-reinforced polymer composites include: 
• Single-fibre pull out tests: micro-bond and micro-droplet [3]; 
• Single-fibre fragmentation [4]; and 
• Microdebond microindentation (push-out) [5]. 
Each of the techniques above are designed to initiate, and measure failure at the 
interface and, for this reason, are termed "direct" test methods. These are designed 
for fibre-reinforcements and assumptions may be made concerning the form of fibre-
matrix stress transfer (e.g. perfect interfacial bonding) across the interface in order 
to interpret the results [1]. In addition to the above techniques, there are novel 
nanomechanical test techniques that have been used to investigate the mechanical 
properties of the interphase at high resolution. For example: 
• Instrumented nano-indentation (liT); and 
• Atomic force microscope (AFM). 
This review aims firstly to describe the nature of the composite interface and why its 
properties are so critical in the performance and durability of a composite material. 
The second aim of this review is to evaluate the current "direct" test methodology 
and the relevance of any measured properties to the interface/interphase. Finally, 
novel nanomechanical test techniques will be evaluated critically in order to 
determine the ability to measure the interface/interphase and the developments that 
are required to produce suitable test procedures. 
The review is structured in order of the above aims and is formed of seven further 
sections. Firstly, the composite interface will be introduced in section two. The third 
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section will introduce some of the test methods that are currently used to evaluate 
the properties of the composite interface. The fourth and fifth sections will review 
two of the latest nanomechanical test techniques; Instrumented (nano) indentation, 
and Atomic Force Microscopy. The sixth section will then discuss the application of 
the nanomechanical test techniques for measurement of the composite interfacial 
properties. Finally, outcomes of the review will be discussed and the aims of this 
work will be refined. 
2.2 The composite interface 
Composite materials are best known for use in structures that require both strength 
and low weight. Whether the strength required is tensile, flexural or any other, it is 
possible to improve a polymer, metal or ceramic in order to gain the desired 
properties by the inclusion of some other material. The most common composite 
matrix in use worldwide is the polymeric composite (PMC), which is desirable for its 
good specific strength and low cost [6]. For example, epoxy resin can be stiffened 
by the inclusion of carbon fibres to increase the Young's modulus from 
approximately 2.5 GPa up to 200 GPa [7]. In addition to the specific strength, it is 
possible to tailor the properties of a PMC to include some of the following properties; 
high specific stiffness, good fatigue resistance, good creep resistance, low friction 
coefficient, good wear resistance, toughness and damage tolerance, chemical 
resistance, corrosion resistance and vibration damping [6]. However, it is not 
possible to achieve the best of all these properties simultaneously and often a trade-
off will take place. For example, it may not be possible to achieve both high specific 
stiffness and toughness. 
The properties of composites are dependent on the geometry, and associated 
orientation, of the reinforcing phase and as such, may exhibit highly anisotropic 
behaviour. For example, the fibre dominates the strength of the composite parallel to 
the fibre direction and the matrix (and fibre-matrix interface) dominates the strength 
perpendicular to the fibre direction. Of all the properties in a composite, it is the 
anisotropic nature that complicates any measurement or prediction (modelling) of 
the mechanical properties. Any effective test method must therefore be able to deal 
with the variation in the geometry in order that the properties are measured 
accurately. 
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In addition to the effect of geometry, the strength of the reinforcement can degrade 
on contact with moisture, exposure to the environment and during handling or 
processing [8]. In order to maximise the potential that the reinforcement may add to 
the composite, a sizing is often applied to the surface of the reinforcement for 
protection during storage and manufacture. It has been reported that the interfacial 
shear strength for a composite with a commercial sizing was approximately three 
times higher than that of a composite with complete interfacial disbonding [8]. In 
order to maximise the potential strength and stiffness gains provided by the 
reinforcement, the interface must be controlled to ensure that efficient stress transfer 
takes place between the matrix and reinforcement. Typically, a strong interface will 
ensure that the load may be distributed between the reinforcement and, in the case 
of fibre reinforcement; helps prevent fibre pull-out [9]. 
Figure 1 shows the effect that sizing can have on the fracture initiation energy of 
glass fibre-reinforced epoxy with varying proportion of fibre volume fraction [4]. The 
work shows that the energy required to initiate fracture of the specimen increased 
with the addition of some surface treatment and that the increase would vary 
according to the type of sizing used. A two to three times improvement in the 
fracture initiation energy between the unsized fibres and the sized fibres was 
recorded for a fibre volume fraction of 30 %. In contrast, studies have shown that 
whilst a strong interface is important to allow the maximum load transfer between 
the matrix and reinforcement, a strong interface can result in reductions in the 
fracture toughness [9] and any associated interfacial cracks will reduce the 
environmental resistance [10]. Design of the interface must therefore be a 
compromise between the desired properties and the potential failure mechanisms. It 
is apparent from previous work that sizings are essential in achieving the optimum 
interfacial strength. 
For the manufacturer, whilst an optimum interfacial strength is required to achieve 
the desired properties, it is the ease of handling that is industrially more important 
[11]. For this reason, the sizing may consist of, although is not limited to; a polymer 
to protect the reinforcement surface, a lubricant to reduce damage by abrasion and 
a coupling agent to improve compatibility with the matrix [8]. In addition, whilst the 
application of sizing can improve the performance of the composite, it is less 
important for metal composites where chemical reactions between the matrix and 
filler often occur during processing. 
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Figure 1: The effect of sizing on the fracture initiation energy of glass fibre-reinforced 
epoxy [4]. 
The fibre sIzing not only affects the mechanical properties of the composite by 
improving and controlling bonding, but may also result in a physical change at the 
interface. Figure 2 shows two scanning electron microscope (SEM) images of glass 
fibres coated in two types of sizing that have a different reactivity. The sizing was 
found to form distinct droplets on the surface of glass fibres and in each case the 
droplets were approximately 100 nm thick [12]. The study identified that the 
reactivity of the sizing affects the wetting and size of the droplets and a conclusion 
was drawn that the formation of a thin layer of sizing cou ld be possible on the 
surface of the fibres [12] . 
, ' . 
i " • .. 
( ' 
, 
" , 
• f 
( , 
I ' 
Figure 2: SEM images of glass fibres coated with (a) normal reactivity sizing and (b) 
high reactivity sizing . Both sets of f ibres show droplets resembling thin droplets of 
coating [12]. 
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Further work by Berg and Jones [13] has shown that a sizing applied to a glass 
fibre-reinforcement does not always dissolve within the matrix and may form an 
interphase. Single-fibre fragmentation tests of the samples within this study showed 
no debonding between the fibre and the matrix, which indicated that plastic 
deformation occurred within the matrix and/or interphase region. 
Mathematical models that are used to predict interfacial stresses often assume a 
perfect interface of zero thickness and homogeneous constituent properties [14] or, 
alternatively, models may assume that chemical bonding is the only important factor 
[5]. The concept of an interface region, or interphase, has been described by Drzal 
et al [5] to allow for the complex interactions that occur at the interface. The concept, 
shown in Figure 3, incorporates a two dimensional interface to account for an 
adhesive contact between the constituents and a three dimensional interphase 
region either side of the contact to account for stress transfer and the physical and 
mechanical properties of the composite. 
I I II 
I I 'I 
J I I. 
I 1....-
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Thermal, 
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Environments 
Bulk Fibre 
Bulk matrix 
Fibre-Matrix Interphase 
~ ,,4---1-- Fibre morphology 
__ -'rr-- Fibre topography 
•• 
•••• Fibre chemistry 
Adsorbed material 
Polymer of 
different properties 
Sizings 
Figure 3: Schematic diagram of the interphase concept redrawn from the diagram and 
description by Drzal et al in Comprehensive Composite Materials [5]. 
Recent work has suggested that the size of this interphase was dependent on the 
amount of interdiffusion of the sizing between the glass and the surrounding matrix 
[2]. Within this interface region, the sizing, depending on its chemistry, wt % and 
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method of application, may be a single thin layer aiding adhesion or a separate (or 
diffused) third phase between the reinforcement and matrix. 
In order to predict the properties of a composite with a possible interphase region of 
known dimensions, Tsai and colleagues [14] produced a concentric cylinder model 
based on earlier shear lag analysis and experimental microdebond tests (where the 
fibre is pushed through the matrix using an indenter and the measured forces are 
related to the interfacial shear strength). The concentric cylinder model, with the 
inclusion of an interphase region (see Figure 4) provided a better correlation with 
experimental test data than the original shear lag theory (see Figure 5). 
Fibre 
Interphase 
I I 
I I 
I I I I I I I I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I J , I I I I 
I I I I , , 
------
, , 
I I I I 
, , " I , , J , 
-----_ .... ------
, 
I I 
, 
, , 
Matrix 
Composite 
------
Figure 4: Concentric cylinders model developed for fibre reinforced composites with 
an interphase region surrounding each fibre [14]. 
Figure 5 shows debond stress against the thickness of the matrix divided by the 
fibre diameter for shear lag theory, test data and the new shear lag theory that 
incorporates an interphase. The inclusion of the interphase region within the 
modified shear lag theory allows for the debond to be modelled as interphase shear 
failure (as opposed to matrix shear failure) and thus the interphase properties in 
terms of thickness and strength must be measured or predicted. The same work 
showed that the composite fracture toughness increased with a reduction of the 
interphase thickness, or increasing the interphase strength (relative to that of the 
matrix). 
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Figure 5: Comparison of the shear lag theory that incorporates the interphase region 
with experimental test data and the original theory [14]. 
Whilst mechanical tests are capable of measuring the overall composite properties, 
when an interphase is incorporated into a model then the properties are largely 
assumed. As the properties of the interphase (e.g. thickness and shear strength) 
directly affect the fracture toughness of a composite, it is of strategic importance to 
find a technique that may measure the interphase strength and thickness 
independent of the reinforcement and matrix parameters. 
The difficulty in characterising micro and nanoscale interfaces is highlighted by the 
report "Characterising Micro and Nanoscale Interfaces in Advanced Composites" [1] 
,which shows that there is no current method of testing for quality assurance that is 
quick to apply and independent of the fibre/matix system. The following work will 
develop understanding in the current interfacial test-methodology to highlight the 
limitations, and identify any additional requirements for novel mechanical test 
methods and procedures. 
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2.3 Current test methods and application to composites 
2.3.1 Introduction 
This section considers the 'direct' test methods currently used to evaluate the 
performance of the interface. Three main test methods are compared; single-fibre 
pull-out tests, single-fibre fragmentation and micro-indentation. 
2.3.2 Single-fibre pull-out tests: micro-bond and micro-droplet 
The fibre pull-out that is found within fibre-reinforced composites can be compared 
to single-fibre pull-out tests, such as the micro-bond and micro-droplet test methods. 
These tests are able to provide information on the fracture toughness and interfacial 
shear strength of a fibre-matrix combination, although they require specially made 
samples that represent the manufactured product. 
For the micro-bond test, a fibre is embedded within a block of the matrix resin, as in 
Figure 6, and then pulled out under increasing load whilst measuring the 
displacement. Alternatively, for the micro-droplet test, a droplet of resin is applied to 
the fibre and then pulled through a microvice under increasing load (see Figure 7). 
The main difference between the two techniques is that the matrix resin is in tension 
for the micro-bond test and in compression in the micro-droplet test. 
Fibre 
~ Load, F 
2R T 
~·····Resin 
L-J 
Figure 6: Schematic of the micro-bond test where a fibre is embedded within a block 
of resin and then pulled out. 
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Figure 7: Schematic of the micro-droplet technique. 
The micro-droplet technique can be used to infer the interfacial shear stress, "Cu, 
from the applied load at interfacial fracture, F, the fibre diameter, d, and the interface 
length, L. Chua and Piggot [15, 16] developed the micro-bond model to include 
three possible modes of failure. 
1) The applied shear stress, "Ca, reaches the ultimate fibre matrix interfacial shear 
strength, "C u, (Le. "Ca = "Cu). In this case, the applied fibre load, FA, is given as: 
(1 ) 
n 
2) The interface yields at a lower applied shear stress, "C y, then the interfacial shear 
stress is related to the applied fibre load by: 
(2) 
3) For brittle fracture, the applied load that is required to initiate a debond may be 
calculated using the critical free surface energy, Gc. This assumes a brittle 
fracture initiating at the edge of the interface that propagates rapidly along its 
length. 
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(3) 
In the above equations, Ef is the Young's moduli for the fibre, R is the radius of the 
fibre, s = Ur and n is given as: 
n= (4) 
where Em is the Young's moduli for the matrix and Vm is the Poisson's ratio of the 
matrix. 
The single-fibre pull-out tests allow the direct and simple measurement of force at 
the moment of fibre debonding for any fibre matrix combination. It has been used, in 
both quasi-static and cyclic loading, to characterise the effect of moisture 
degradation on different interfacial agents [17]. In the study, the micro-bond test was 
shown to provide information on the interfacial properties such as interfacial shear 
strength, debond strength, interfacial stress, fatigue resistance, and adhesion. The 
limitation of these techniques is that they are restricted to laboratory prepared 
Single-fibre specimens. The micro-bond and micro-droplet test are not applicable for 
any other reinforcement geometry and are coupled with other inherent 
disadvantages. The force at the instant of debonding is a function of the embedded 
length, which is also influenced by the resin meniscus formed on the fibre. The 
challenge in measuring the exact embedded length can result in high uncertainty 
when calculating the interfacial shear stress. This is further complicated by a highly 
complex stress state at the interface, which reflects a large spread of data for any 
given sample [17]. 
The tests do not appear to account for any variation in the matrix properties at the 
interface and assume a constant bulk material property. In addition, it appears that 
even when the interphase is still assumed to be present within the composite, the 
models used for the analysis of the interfacial shear strengths do not incorporate 
anything other than a perfect interface [18]. The application of the single-fibre pull-
15 
out tests is therefore rather limited for the testing and evaluation of anything other 
than differences in the interphase and the term 'direct' test technique may be 
inappropriate unless referring to the measurement of pure interfacial shear in a 
perfectly bonded single-fibre system. 
2.3.3 Single-fibre fragmentation 
The single-fibre fragmentation technique was first carried out by Kelly and Tyson 
[19] and involves embedding a single fibre within a tensile test coupon in order to 
calculate the average interfacial shear strength. 
Figure 8 shows a schematic diagram of the technique. Assuming that the strain to 
failure of the fibre is lower than that of the matrix, the tensile load is transferred 
across the fibre-matrix interface to the fibre resulting in fibre fracture. Multiple fibre 
fractures will occur until the remaining fibre length reaches the critical fibre length 
where the transferred tensile load in the fibre cannot reach the fibre tensile strength. 
The average shear strength, T;, can be determined using Equation 5 from the final 
applied tensile stress, 0', the critical fibre length, Ie, and the fibre diameter, d. 
deY! 
T.=--
I 21 
c 
(5) 
It has been reported that calculation of the critical length is one of the major sources 
of error of the single-fibre fragmentation technique [20] (for this experiment, the 
critical length is typically calculated from tests on longer fibres). However, 
improvements have been made to the Kelly and Tyson model in equation 5 using a 
Weibull distribution for the fibre strength [21] in order to give a better value for the 
interfacial shear strength. 
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Figure 8: Schematic diagram of the singe fibre fragmentation technique 
The single-fibre fragmentation technique allows characterisation of the interfacial 
shear strength with fewer parameters than the micro-bond or micro-droplet tests. 
However, the calculated shear strength is highly dependent on the properties of both 
the fibre and the matrix leading to some scatter where the fibre and matrix have a 
similar strain to failure. Whilst the single-fibre fragmentation technique could provide 
a large amount of statistical data for each sample, the interface loading is indirect 
and the technique is, like the micro-bond and micro-droplet technique, a laboratory 
tool rather than in-situ test. In addition, it is very difficult to separate the shear 
strength into its combining factors (e.g. the fibre-matrix coefficient of friction or the 
residual pressure at the interface resulting during processing) [16]. Improvements to 
the technique have been reported by the addition of techniques such as; Raman 
spectroscopy to measure the axial strain distribution; acoustic emission to detect the 
time and location of fibre fractures and; photoelasticity to monitor the failure modes 
during the test [10]. 
2.3.4 Micro-indentation 
Standard indentation test methods involve pushing a hard tip, typically diamond, into 
the surface of a material and measuring the load and displacement. Analysis of the 
load-displacement curve can provide information on the hardness, fracture 
toughness and other mechanical properties of the interface. The geometry of the 
indenter tip, and appropriate tip-surface contact models, must be known in order to 
calculate material properties successfully from the load-displacement curve. There 
are a number of standard indentation hardness test methods for different tip shapes, 
such as the Vickers indentation-hardness measurement specified in the ASTM E384 
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standard test [22]. For brittle fracture cracks, the measured Vickers indentation 
hardness, Hl!l and modulus of elasticity, E, can be used to calculate the fracture 
toughness, K,c [23]. 
(6) 
where ~ is the indentation geometric factor, P is the indenter load, x is an exponent 
and a is the average crack length. 
Indentation has been used to estimate the fracture toughness of bulk brittle 
materials and is often used for non-destructive mechanical measurements on brittle 
ceramic coatings. Indentation of polymeric materials is more difficult due to the 
viscoelasticity (rate dependent properties) and so careful consideration of the 
loading rate is required. In order to avoid measuring the effects of both the 
reinforcement and matrix simultaneously, or to prevent indenting the substrate 
underneath a thin film, micro-indentation can be used. Micro-indentation uses a 
smaller indenter tip (less than 200 ~m radius) in order to provide the same 
information as the standard indentation test at a smaller length scale. Many 
mechanical properties of bulk materials can be taken as scale independent, such as 
elastic modulus, although properties such as yield strength will vary between scales 
due to the effect of the microstructure on the onset of plastic deformation. 
The fibre push-out test uses a micro-indenter to indent the centre of a fibre and 
initiate a crack at the interface with the surrounding matrix. Figure 9 shows a 
schematic diagram of the fibre push out test with support underneath the specimen 
around the pushed fibre. It is possible to record many load-displacement curves per 
sample by selecting a single fibre at a time. Micro-indentation samples typically 
originate from bulk composite material and are prepared to a thickness of at least 
four to ten times that of the fibre diameter. Oebonding is assumed to correspond to 
the presence of a dark shadow around the fibre and the debonding force, F, is given 
when this shadow surrounds 1/6 of the fibre. There are clear problems, due to the 
subjective nature, of defining the debond length in this manner. An alternative 
method is to use the shape of the load-displacement curve to define the start of 
debonding, which would allow data collection to be automated. A number of fibres 
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are pushed through the matrix and the average debonding force is used to ca lculate 
the interfacial shear strength (as follows) [1]; 
nF 
Til = 2 2Jr r (7) 
In the above equation, 'tu is the interfacial shear strength, r is the fibre radius and n 
is the volume fraction and fibre matrix stiffness parameter. 
F 
Figure 9: Schematic diagram of the single-fibre push-out test: adapted from 
Characterising micro- and nano-scale interfaces: A review [1] 
The load and displacement for the fibre push-out test can be monitored over time 
allowing the analysis of more than the debonding force F. Figure 10 shows a typical 
load-displacement curve for finite element analysis (FEA) showing the increase in 
load for Region 1 followed by crack propagation at Region 2 and then fibre push out 
during Region 3. The length and gradient of Region 2 can provide information on 
whether or not the interface failed by brittle fracture or experienced slow crack 
progression due to plastic deformation at the interface. A limitation of this technique 
is that it is not possible to observe the failure mode and so assumptions (such as 
perfect interfacial bonding, where the load is carried only by the fibre and the 
interface is in pure shear) are required to calculate the shear strength [24]. 
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Prediction of the interfacial properties is typically based on micromechanical 
analysis of the measured load displacement graph (Figure 10). Due to the highly 
complex stress state, and possible degradation of the interfacial shear strength 
during sample preparation, FEA can be used to improve upon the prediction of 
interfacial properties. It is also possible, for some samples, to locate the fibres 
protruding from the pushed out side and then measure the coefficient of friction by 
pushing them back into the sample. 
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Figure 10: Typical load-displacement curve taken for a single fibre push out test. 
Reproduced from finite element analysis of single-fibre push-out tests of continuous 
AI20 3 fibre-reinforced NiAI composites [25]. 
The fibre push-out test can be carried out on production samples as well as 
dedicated laboratory specimens allowing its use as an interfacial quality control 
check independent of fibre tensile strength. However, the test is rarely used. The 
length of debond initiated on failure of the fibre-matrix interface could be measured 
optically and whilst only applicable for transparent samples, shear strength 
calculations showed good agreement with the fibre push-out experiment. Further 
improvements to the technique are required to remove stress concentrations due to 
point loads on the fibre, especially when the fibre size varies within a sample. In 
order to ensure that fibre push-out occurs the thickness of the sample must be 
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limited. For thick samples, it is possible that the fibre will buckle before the interface 
fails. For thin samples, careful preparation and consideration of the support 
underneath the specimen is required to prevent both fibre buckling and bending of 
the specimen underneath the indenter. 
The practicality of these tests is limited, as the measured properties do not always 
represent those of the bulk composite. Whilst the calculated parameter is the shear 
strength, it has been reported that polymers do not normally fail in shear due to a 
chain sliding process. During shear of the polymer, the chains slide over each other 
and then they break (fail in tension). As failure in tension has been restricted for 
each of the test methods, and as the polymer cannot fail in shear, the interface fails 
instead which results in a much higher shear strength measurement than would be 
expected in the true composite property [20]. In addition, the interfacial failure has 
been reported to be tensile at a nanometer scale due to the surface roughness of 
the reinforcement (see Figure 11) [26] indicated by a high shear stress at the 
interface and no sign of any shear failure. Figure 11 shows a schematic model of 
interfacial debonding within a single-fibre test where the surface morphology of the 
fibre reinforcement and the shear forces can be considered at the micro-scale to 
account for a tensile failure as opposed to a pure shear failure. In this, there is 
tensile debonding at the interface until there is only the contact between the matrix 
and the reinforcement. The apparent shear is therefore frictional sliding after some 
degree of tensile debonding. 
Frictional sliding matrix 
Tensile debonding 
Inelastic displacements, d 
Figure 11: Schematic model of interfacial debonding within the single-fibre test 
incorporating tensile failure [26]. 
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2.3.5 Discussion 
Table 1 shows a comparison of the advantages and disadvantages of each of the 
three techniques. In summary, all of the techniques can be used to calculate the 
interfacial shear strength of fibre-reinforced composites. However, whilst the micro-
indentation test may be suitable for in situ measurement, the pull-out and 
fragmentation tests are restricted to laboratory specimens. The three direct test 
methods all have two key limitations; they are restricted to the measurement of 
interfacial properties of single-fibre composites and require an assumption of perfect 
interfacial bonding. Whilst modelling has, to some extent, embraced the possibility of 
an interphase region as a way of explaining the complex interactions between the 
matrix and interface, there remains no single test method that can independently 
verify the interphase properties that are required for calculation of the mechanical 
properties. For this reason, if a nanomechanical test method is to be designed, 
selected and improved upon then certain key features must be noted. The most 
important features of a nanomechanical test method are that it should able to 
determine the interfacial material properties independent of fibre size, orientation 
and for more than one type of reinforcement. In addition: 
• The test method must be suitable for in-situ measurements to allow its use 
by industry as a quality control technique 
• Results should be repeatable and comparable between techniques 
• It should have nanoscale resolution in order to permit testing of smaller 
reinforcement structures 
There are a number of novel methods that have recently been developed that are 
capable of characterising the interface at the correct length scale. Two of these 
techniques are instrumented nano-indentation (liT) and atomic force microscopy 
(AFM). These are discussed in the next two sections. 
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I. I. 
Fibre-pull out 
Debonding and frictional forces can I. 
be directly measured [5] 
Tensile failure of the fibre is I. 
inhibited which forces shear failure 
at the interface [20] I. 
Can provide information on the I. 
debond strength, interfacial stress, 
adhesion and fatigue resistance 
[17]. 
Restricted to laboratory specimens I. 
Measurements are highly I. 
dependent on sample preparation I. 
[5] I. 
Single data point per specimen [5] I. 
The interfacial shear strength 
measured close to failure is related I. 
to the lack of shear failure for 
Fibre-fragmentation 
The stress transfer characteristics are 
similar to those within the composite [5] 
Large number of datapoints per 
specimen [5] 
Sensitive to interfacial treatment [5] 
Specimen simple to handle [5] 
Restricted to laboratory specimens 
Single fibre [5] 
Difficult sample preparation [5] 
Assumes shear lag [5] 
Matrix strain must be 3x that of the fibre 
strain [5] 
Highly dependent on the calculation of 
critical length [5] 
polymers due to a small interface 
length carrying all load [20] 
i. Fibre strength tests required [10] 
• Non-uniform stress state at the interface 
Interfacial failure is mixed mode 
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strain energy release rate [20] 
Large statistical scatter 
Material properties affect the 
results [10] 
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• 
[10] 
Test results vary in different laboratories 
[27] 
Calculation of the critical length requires 
the fibre strength, which is normally 
extrapolated from longer fibre specimens 
and therefore unreliable [20]. 
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Insitu measurement on 
composite surfaces 
Full force-displacement data 
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specimen 
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2.4 Novel Mechanical test methods: Instrumented Nano-
indentation 
Nanoscale mechanical testing of the interface/interphase has followed a number of 
different paths over recent years. Perhaps the best understood nano-scale 
mechanical test method is instrumented nano-indentation (liT) [28], which has been 
used extensively to provide quantitative material property measurements around 
interfaces such as; a glass-reinforced polymer interface [2, 29, 30, 31], an 
epoxy/thermoplastic interface [32] and a cellulose fibre-reinforced polymer [33]. 
The principle behind this technique is to indent a pyramidal diamond into a surface, 
measure the applied load, P, and the contact depth of indent and then calculate the 
projected indentation contact area, A. The hardness, H, can then be determined by 
equation 8 [1]. 
H=P 
A 
(8) 
In addition to the hardness, information on the elastic properties can be deduced 
from the load displacement curves (see Figure 12) produced when measuring the 
load and depth of indentation during the test. The measured indentation force, depth 
of indentation and indenter area can be related to the indentation, or reduced, 
modulus E*. In the following equations, SmIJ( is the stiffness at maximum 
indentation depth and A is the contact area at maximum indentation depth, hrmx' 
(9) 
There are two ways of defining the maximum indentation depth that depend on the 
point of reference, during or after indentation. Figure 13 is a schematic diagram of 
an indentation with a conical indenter that indicates the two methods by which hmax 
can be defined. For these, either equation 10 or equation 11 can be used. 
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hrmx = h+ £ 
(10) 
(11 ) 
Where E is contact depth, 8 is the total depth of elastic deformation, h f is the depth 
of plastic deformation and b is a function of the tip shape defined in Equation 12. In 
this equation, K is a dimensionless constant used to define the indenter shape and 
F max is the applied force at h f . 
b Fmax =K--
Smax 
(12) 
Following from Oliver and Pharr's methodology [28] for calculating the indentation 
modulus as described by Clifford and Seah [34], the contact depth, E, can be 
calculated by rearranging equation 10 and 11 to give the following relation: 
F 
&=h -K~ 
max S 
max 
(13) 
Finally, the contact depth is then used to calculate the contact area, A, using 
Equation 14 (assuming a perfect pyramidal Berkovich shaped diamond tip). 
(14) 
Where a is the angle of inclination of the three faces to tip axis. In order to calculate 
the true contact area, the tip shape should be characterised to give a rather than 
relying on approximations. 
In order to give the reduced modulus, the final unknown is the stiffness at maximum 
indentation depth, Smax, which can be deduced from the gradient of the unloading 
portion of the load-displacement curve as: 
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Figure 12: Illustration of liT load-displacement curves with the parameters used to 
calculate the mechanical properties [28]. 
At maximum load 
.~.........- - _ . _ . -
hmar 
After loading 
Ori ginal Surface 
Contact Area 
Deformed surface 
V Indenter 
At max imum load 
h mav.. = b + £ 
After loading 
hmax = c5 + h r 
Figure 13: Schematic diagram of a conical tip indentation before load ing and after 
load ing 
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2.5 Novel Mechanical test methods: Atomic Force 
Microscopy 
2.5.1 Introduction 
The atomic force microscope (AFM), invented in the 1980's [35, 36], is now 
universally considered as the instrument of choice to analyse surfaces with 
nanometric or, in some cases, atomic resolution. This is mainly due to its ability to 
measure forces and distances at a very high resolution, and to non-destructively 
explore all kinds of surfaces with minimal treatment in many environments. In 
addition to topography, mechanical property information can be revealed by AFM-
based semi-quantitative scanning techniques (i.e. force modulation [37] and tapping-
mode phase imaging [38]) or relatively slow single-point spectroscopy (i.e. force-
distance curves [39]), where the AFM can be used as an indenter, which is able to 
apply forces in the nN range in areas as small as tens of square nm) [35]. The 
surface property information that an AFM may measure depends entirely upon the 
method that is being used to control the interaction between the AFM tip and the 
surface. This section will first consider the general theory and then the various 
methods of controlling tip-surface interaction. These are separated into two main 
themes, semi-quantitative scanning techniques and single-point spectroscopy. The 
suitability of the AFM using the various methods for characterising the interfacial 
region, and interphase properties of micro- and nano-composites, is also reviewed 
and any required procedures or improvements are discussed. 
2.5.2 General theory 
The AFM is most simply, a sharp probe attached to the end of a cantilever where 
the measured deflection relates to a tip-surface interaction force. The tip-surface 
interaction forces measured by the cantilever deflection can be understood by 
means of a force distance curve, shown in Figure 14, and, according to 
Wiesendanger [40], the force distance curve is generated by two main components. 
The coulomb repulsion between ion cores, Fion, and the interaction of electrons with 
the ion cores, F el. The contribution of each component force is highly dependent on 
the separation distance between the tip and the sample. This is where the repulsive 
(Fion) forces decay with increasing distance more rapidly than the attractive (F el) 
forces. 
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Figure 14: Schematic force-distance curve measured using an AFM . The diagram is 
adapted from the explanation given by Wiesendanger [40]. 
For the AFM, the tip-surface forces are measured indirectly by detecting the 
deflection of a cantilever of known spring constant attached to the tip as it is 
scanned across the sample surface. Simple approximation of the cantilever 
response to tip-surface interaction can be described using Hooke's law [40]: 
F=-kD (16) 
Where F = force, k = cantilever stiffness and D = cantilever deflection . 
Detection of the cantilever deflection , both horizontally and laterally, allow the AFM 
to test for scratch resistance and wear and , elastic/plastic mechanical properties 
such as indentation hardness and modulus of elasticity. It can also carry out 
nanofabrication and nanomachining with a possible magnification of 103 to 109 and 
the ability to operate at low and high temperatures as well as in liquid , air, vacuum 
and gas. 
The AFM tip is mounted on the end of a cantilever, which is controlled by a bimorph 
piezoelectric actuator. This keeps the tip -surface interaction force or height constant 
by relating it to the deflection of the cantilever through a feedback loop. The 
deflection can be measured by a number of methods , though commonly by 
reflecting a laser off the surface of the cantilever onto a position sensitive photo-
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detector (see Figure 15). The position sensitive photo-detector (PSD) has four 
quadrants (normally labelled A-D) which simultaneously measure the cantilever 
torsion (relating to lateral friction forces) and the vertical displacement (relating to 
topography). The advantage of this technique is that sUb-Angstrom tip-surface force 
sensitivity is achievable and , unlike other mechanical detection methods, the laser 
has negligible effect on the deflection of the cantilever. 
~------------------- -- -------, 
: Position sensitive photo-diode : 
: (PSD) array : 
1- ____________________________ ~ 
Vertical 
Lateral deflection of cantilever (torsion 
due to friction) 
~-------------------I 
: Position sensitive 
: photo-detector 
I 
I 
---------------
Mirror 
Sample 
Laser diode 
Cantilever and tip 
Figure 15: Schematic diagram of measuring the cantilever deflection by means of a 
PSD: Reproduced from Nanoscale Science and Technology [41] 
2.5.3 AFM tip-scanning modes of operation 
2.5.3.1 Introduction 
This section outlines the various AFM tip-scanning modes of operation. These 
modes are dynamic measurements where the AFM tip is scanned over the surface 
in a raster pattern to build up an array of pixels that form an image of surface 
property. 
Firstly, the principles of contact, intermittent contact and non-contact AFM will be 
outlined and then the details of three methods that have the potential to measure the 
mechanical properties of an interphase . These three methods are force-modulation 
AFM, atomic force- acoustic microscopy and quantitative pulsed-force mode. Final ly, 
a summary of the techniques used will presented in the form of key concluding 
comments. 
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2.5.3.2 Contact, intermittent contact and non-contact AFM 
There are various methods used to control the AFM and build up an array of surface 
information. Tip-scanning modes involve raster scanning the AFM tip over the 
surface at a constant-height or constant-force. In constant-height mode, the height is 
fixed while the variation in cantilever deflection is recorded. Constant-height mode is 
best for atomically flat surfaces at high scan speed in order to detect real time 
changes in surface structure. The constant force modes of operation use a feedback 
loop in order to ensure constant force is applied to the surface allowing detection of 
topography and mechanical properties. Constant-force mode is more commonly 
used and can be operated in contact (C-AFM), intermittent contact (IC-AFM) or non-
contact regimes (NC-AFM) [40] (see Figure 14). 
C-AFM operates at very small tip-sample separation distances (typically less than 
10A) where the repulsive ion-ion forces are stronger than the attractive van der waal 
forces, IFionl > lFell. C-AFM therefore mainly detects ion-ion repulsive forces. Contact 
mode AFM (C-AFM) operates within 10A of the sample surface by applying a set 
force to the AFM tip that is kept constant by measuring the cantilever deflection and 
applying controlled feedback. Due to the proximity of the probe tip to the sample 
surface, a low spring constant (typically less than 1 N/m) is often required in order to 
prevent damage. The four main issues concerning C-AFM are [40]: 
• Non-monotonic forces between the tip and surface 
• Instrumental noise 
• Jump to contact caused by long range attractive forces acting on the bulk of 
the tip causing the tip to crash into contact with the surface 
• Lateral forces can cause damage on some soft samples 
The lateral forces observed between the tip and the surface result in torsion of the 
AFM cantilever and can therefore be measured by the change of voltage between 
the C-D PSD's (Figure 15). Lateral force microscopy, (LFM), has been used to 
examine the frictional properties of various surfaces including automotive anti-wear 
films [42] and ceramic coatings [43]. Intermittent contact mode AFM, also known as 
tapping mode, helps to minimise lateral forces experienced in C-AFM by alternating 
the tip away from the sample in order to minimise contact time. IC-AFM alternates at 
a typical amplitude of 20 nm to 100 nm. For IC-AFM, the tip will only be in contact 
with the surface for a portion of its oscillation. Non-contact AFM operates with a 
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greater tip-sample separation distance (typically greater than 10A) where the net 
force is attractive, IFionl < IF el\. mainly detecting charge density or van der waal 
forces [40]. 
When a cantilever is brought near to the surface then a deflection occurs as it is 
either resisted or attracted by the tip-surface forces. By oscillating the cantilever, the 
long range attractive forces are less than that of the OSCillatory driving force. This 
has the advantage of reducing the chance of jump to contact and that of the long 
range attractive forces. One example where the cantilever is oscillated is non-
contact AFM (NC-mode). For this technique, oscillating the cantilever has the added 
advantage of providing information on the tip-sample interaction forces. 
For NC-mode, the cantilever is oscillated near its resonant frequency and the 
change in amplitude measured as an indirect measure of sample topography. The 
change in phase can be related to the sample charge density (or long-range forces 
such as Van-der-Waals, electrostatic and magnetic dipole forces) at the sample 
surface. NC-AFM is most suitable for soft or low elastic modulus samples where 
scratching or damage may occur as the tip exerts negligible forces (10-12 N) to the 
sample. The main disadvantages of NC-AFM are that the forces are difficult to 
measure and even harder to quantify [40]. 
The scanning techniques above are primarily used as a basis for further 
measurements (Le. relating the interaction to surface properties as well as 
topography). A scanning technique that has shown great promise for the mechanical 
characterisation of composites is Force Modulation AFM. This will be reviewed in 
the following sections. 
2.5.3.3 Force Modulation AFM 
Force modulation AFM mode (FMM) shares similarities in operation to both C-AFM 
and NC-AFM as the AFM probe is maintained in contact with the surface at an 
average force and then oscillated near its resonant frequency. Three properties may 
be measured using FMM, the average signal amplitude for topographic (height) 
measurements, the phase and the corresponding amplitude of oscillation [44]. As 
the AFM tip remains in contact, the phase (difference between the applied oscillation 
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frequency and the measured frequency) is a function of the resonance of the 
cantilever and the damping of the surrounding medium. The amplitude of oscillation 
will either be related to, or a combination of, the deflection (related to the surface 
stiffness) or the phase shift (also related to the surface stiffness). Typically, at a 
given oscillation frequency, substrates with relatively higher stiffness will resist the 
applied amplitude resulting in a greater measured deflection in the cantilever [46]. 
FMM can therefore be used to image surfaces that exhibit a variation in stiffness. 
Mai et al [45] has investigated FMM as an alternative to single-fibre pull-out tests for 
detecting an interphase by relating the FMM amplitude to the surface stiffness. In 
this work, FMM was used to identify interphases of between 1 !-1m and 3 !-1m in 
thickness. It is also of interest that the single-fibre pull-out and micro-droplet tests 
were shown to be inadequate in describing the fibre-matrix adhesion due to the 
presence of the interphase in these samples. 
Li [44] has investigated systematically the principles and drawbacks of force 
modulation when applied to cerium oxide films. It was noted that the amplitude 
images were inverted (Le. the amplitude of oscillation was unexpectedly smaller for 
surface areas of increased stiffness). No explanation was given for this contrast 
inversion and no phase images were presented for comparison. However, it is 
entirely possible that the contrast inversion may not be an error, but a product of 
both the phase and the oscillation amplitude. As the phase shift is a function of the 
damping of the surface it is possible that should the phase be large enough, then 
the frequency may no longer be near the tip-surface resonance and the 
corresponding oscillation amplitude would then be reduced. However, despite the 
contrast inversion, the most important outcomes are the mechanism of "wedge-
cavity effect" and "tip-slip effect" to which a large number of errors or artefacts may 
be associated. The hard interphase surrounding individual grains within a material is 
presumed to be a result of these artefacts rather than mechanical and physical 
features. 
Wedge-cavity effect is described as the mechanism by which the surface area of the 
sample in contact with the tip is increased due to a wedge cavity in the sample 
surface. The increased resistance to oscillation causes greater deflection of the 
cantilever, and this corresponds to a peak in the amplitude profile of the force 
modulation image [44]. 
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Tip-slip effect is considered to have its origins when a steep slope on one side of the 
tip is present resu lting in the lateral forces dominating the vertical oscillation of the 
tip also resulting in peaks in the ampl itude profile of the force modulation image [44] . 
A comparison of the topographic maps and the force modulation maps within the 
work by Li [44] indicated that the surface may have been covered with a small fluid 
(water) layer. This means the stiffness of the contact cantilevers may not be high 
enough to indent the surface and relate to any mechanical properties such as 
indentation modulus, elastic modulus or surface elasti city [44]. 
Material property characterisation by AFM may therefore be separated into stati c 
measurements (where the applied force is sufficient to indent through any surface 
fluid layer), and scanning modes (where the cantilever may be oscillated to increase 
resolution and reduce noise). 
As error is inversely proportional to the frequency of oscillation , more accurate 
measurements can be taken when vibrating the tip. Oscillating the AFM cantilever 
also has the benefit of reduced noise, wh ich allows increased resolution. The 
reduction in instrumental noise by vibrating the tip at frequency, f, is shown by 
Shushan [46] by a schematic view of the noise in force detectors in Figure 16. 
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The noise occurring above the corner frequency, fe, appears to remain relatively 
constant indicating that any applied vibration near the cantilever resonance 
frequency would be appropriate. The typical cantilever resonance frequency for an 
AFM cantilever is roughly between 20 kHz and 300 kHz. The importance of the drive 
amplitude selection and frequency with respect to the physical observable is best 
summed up in Table 2 given by Giessibl [47]. 
Table 2: Short range repulsive force and long range attractive force contributions to 
the AFM signal: source Giessibl [47]. 
Physical Short-range 
Relative short-
AFM Method 
Long-range 
observable contribution contribution 
range 
contri buti on 
Large-
0.4*force*(rangeo 5) 4 fN mO.5 12 fN mO.5 25% 
amplitude FM 
Quasistatic force 1 nN 1 nN 50 % 
Small- 10 N m-1 
Force gradient 1 N m-1 91 % 
amplitude FM 
Higher-
nth force gradient 10n+9(n-1) N m-n 1 09(n-1) N m-n ~ 100 % 
harmonic FM 
FMM can be considered to be small-amplitude FM and the short range repulsive 
forces are calculated at 91 % of the total detected force. The remaining 9% of the 
contributing forces are attractive forces acting upon the bulk of the AFM tip which is 
further away from the sample surface. The implication of the study by Giessibl [47] is 
that the quantification of the short- and long-range contributions from any AFM tip-
surface contact is at best, complex. The short-range contribution is typically used for 
calculation of the elastic modulus, but it may not be possible to separate this from 
the long-range contributions that correspond to adhesion. Giessibl [47] indicates that 
the only way of detecting 100% repulsive forces would be to use a higher-harmonic 
AFM method known as Atomic Force - Acoustic Microscopy (AF-AM). 
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2.5.3.4 Atomic Force - Acoustic Microscopy (AF-AM) 
AF-AM is defined as a contact-resonance spectroscopy technique [48], which uses 
the resonant modes of the AFM cantilever to relate the tip-surface contact to the 
mechanical properties. In theory, AF-AM has the distinct advantage (over FMM) of 
being able to generate quantitative single-point measurements. AF-AM was 
developed as a technique for measuring the elastic modulus of hard surfaces [48] 
through the use of reference samples. The measured cantilevers resonance 
depends on the surface elastic modulus and the tip-surface contact (which is a 
function of the tip radius). By using reference samples that show a similar tip-surface 
contact characteristic to the measured sample (i.e. elastic contact), the radius can 
be negated from any calculations. The experimental procedure is relatively 
straightforward and can be summed up by the following [48]: 
1. Measure the first two free space resonant frequency modes of the cantilever 
2. Measure the first two resonant frequency modes of the cantilever when in 
contact with a reference sample 
3. Measure the first two resonant frequency modes of the cantilever when in 
contact with the specimen 
4. Use reference equations and beam dynamics models to calculate the 
reduced modulus for the unknown specimen, which is then related to the 
indentation modulus 
In order to avoid the nonlinearities of the force curve in the repulsive regime, the 
amplitude of oscillation are made as small as possible, which fits with the 
requirement for measurement of the elastic modulus by detecting 100 % of the 
repulsive forces [47]. The capability of AF-AM has been demonstrated for ceramic 
surfaces by performing an array of AF-AM measurements over an area to build up a 
surface map of elastic modulus [49]. It was discovered within this work that the most 
reproducible results were achieved with blunt tips (reducing the chance of tip 
geometry change during experimental measurement) [49]. The distinct advantage of 
AF-AM over liT is that quantitative mechanical properties can be produced for films 
as thin as 50 nm [49]. 
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The limitations of AF-AM are as follows [48, 49]; 
• 
• 
Measurement and control of the high AF-AM frequencies often require large 
economic costs to upgrade the equipment 
Large errors are associated with the measurement of polymeric materials for 
a number of reasons including: the technique is optimised for ceramics and 
hard surfaces and there is an unavailability of standardised polymeric 
reference samples 
• Data analysis is complex 
• The most accurate results are for spherical tips with large radii (compared 
with liT) 
• Calibration is required by an alternative technique (Le. liT or AFM 
indentation) 
It is apparent that for modelling the frequency shift (and calculating elastic moduli), 
the contact between the tip and the surface must be assumed to be elastic and the 
frequency response linear. The reference samples used are typically ceramic due to 
the consistent indentation profiles. When indenting polymer surfaces, the materials 
reaction to stresses and strains will be different to a ceramic. For this reason, it is 
possible that the contact model may be different, leading to some discrepancy 
between the calculated moduli values and those obtained by other techniques. It 
could be possible to use AF-AM as a semi-quantitative scanning technique by 
measuring the frequency responses on each material and then scanning at a set 
frequency to identify the amplitude shift. This approach would incorporate the 
scanning technique of FMM (typically non-linear interaction) and the higher 
frequency detection of AF-AM to measure the surface elastic response whilst 
minimising the effect of adhesion and large amplitude non-linear interactions [47]. 
2.5.3.5 Quantitative pulsed-force mode 
The sample scanning techniques reviewed so far relate the relative changes in 
resonant frequency and resultant oscillation amplitude to the physical and 
mechanical properties of the surface. An alternative to the cantilever oscillation 
techniques is to use a variation of a technique known as pulsed-force mode. Pulsed-
force mode is complex method of scanning the AFM tip over the surface whilst 
oscillating the cantilever at very low frequencies (typically less than 2 Hz). The rate 
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of oscillation allows for the tip-interaction to be monitored in real time (rather than 
averaging the measured oscillation amplitude and frequency) and the adhesion and 
stiffness properties to be measured independently [50]. This mode is a combination 
of IC-AFM and low force force-displacement AFM where the cantilever is oscillated 
and periodically taps the surface. Each surface contact is temporarily recorded as a 
force-distance curve, which is then analysed in real time to extract adhesion and 
stiffness values. Methodology for calculating the surface elastic modulus from 
single-point force-distance curves [51] was developed simultaneously with pulsed-
force mode, although it was not until recently that quantification of pulsed-force 
mode became possible [52]. The reduction in noise and the improvements in data 
acquisition and processing speed has led an AFM manufacturer (Bruker AXS, 
California, USA) to develop PeakForce ™ Quantitative Nanomechanical Mapping 
(QNMTM), which is reported to be an extension of pulsed-force mode with higher 
force resolution (from <1 nN to <100 pN [52]) combined with in-line calculation of 
elastic modulus at each surface contact. The nanomechanical mapping mode claims 
a wide operating range for measuring material properties of samples from soft gels 
(-1 MPa) to rigid polymers (>20 GPa) [52], which suggests its suitability for the 
interfacial characterisation of composite materials. 
Figure 17 shows an AFM force curve generated using quantitative pulsed-force 
mode and identifies the four parameters that are recorded whilst scanning the 
surface. The oscillation used is typically close to the resonant frequency of the 
cantilever (in the order of 100 kHz). Due to the large number of force curves per 
pixel in the image to be generated, only certain parameters are recorded and not the 
whole force curve. It is also not yet known whether the parameters are averaged per 
pixel or the exact method by which they are recorded. The recorded parameters 
represented in Figure 17 are: the peak force; deformation (the residual plastic 
deformation after indentation); adhesion (based on the pull-off force); the energy 
dissipation (the total area enclosed between the approach and retract curves); and 
the elastic modulus. 
Accurate modulus measurements are complicated by the multiple complex force 
interactions that usually occur in a true tip-surface contact, which limit the accuracy 
of the model considered. The most commonly used models for the calculation of 
elastic modulus by AFM are Hertzian, Derjaguin-Muller-Toporov (DMT) and 
Johnson-Kendall-Roberts (JKR) where the predominant contact is between a 
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spherical tip of defined rad ius and a flat surface [54]. In pract ice , the surface is rare ly 
flat, and the tip apex may differ from an ideal sphere , lead ing to errors in the 
calculated modulus values. An add itional complication is the rotat ion (lateral and 
buckling movement) of the AFM tip during cantilever deflection which produces ti p-
surface shear forces that are not accounted for in the aforementioned models [55] . 
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Figure 17: Schematic diagram of the parameters measured during quantitative pu lsed-
force mode. Redrawn based on a Veeco webinar, High-Resolution Imaging and 
Quantitative Nanomechanical Mapping using Peak Force Tapping AFM [53] . 
For quantitative pulsed-force mode, the elastic modulus is calcu lated using a DMT 
model (see Equation 17) applied to the unload (retract) portion of the force-
separation curve (see Figure 17) [56] . The DMT model takes into account the 
adhesive forces between the surface and tip , and can be considered as a mod ified 
Hertz model. The unknown parameters (such as ti p rad ius) may be measured using 
a Scanning Electron Microscope, determined by ti p reconstruction or adjusted to fit 
reference samples [34] 
(17) 
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In Equation 17, E * is the reduced elastic mod ulus, F, tp is the force on the tip, ( ,Jit 
is the adhesive force between tip and sample, R is the tip radius and d is the 
deformation depth. 
The maximum force applied on the surface or the "Peak Force" is also the setpoint 
parameter used to track the topography on the surface and can be contro lled using 
a high frequency feedback loop to minimise the maximum force app lied to the 
surface. 
Figure 18 shows elastic modulus values measured using quantitative pulsed-force 
mode over a range of 0.1 MPa to 100,000 MPa. The average absolute error is 
±19.2%, which is promising when the large moduli range is considered . However, 
there is no information on what experimental method was used for the quoted 
expected elastic modulus value and whether or not the measured value is a single 
data point or an average value. 
The ability to measure a range of elastic modul i during scanning does indicate that 
PeakForce QNM is a suitable method for characterising the interphase region of a 
glass-reinforced polymer composite. To the author's knowledge , no independent 
work has been reported to investigate the degree of accuracy and applicability of the 
quantitative pulsed-force mode method. 
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Figure 18: Elastic moduli values for various surfaces measured us ing quantitat ive 
pulsed-force mode with the expected values . Reprod uced from data provided during a 
Veeco webinar, High-Resolution Imag ing and Quantitative Nanomechanical Mapping 
using Peak Force Tapping AFM [53] . 
39 
2.5.3.6 Concluding comments 
The AFM may be used, in a scanning mode, to characterise the interface of a 
composite material, and quantify the thickness and mechanical properties of any 
interphase regions. Three techniques, FMM, AF-AM and quantitative pulsed-force 
mode were considered in further detail and the key points are detailed below. 
FMM has the potential to quickly characterise the topography of a surface and the 
variation (non-quantitatively) in tip-surface interaction by monitoring changes in the 
amplitude of oscillation. 
AF-AM has the potential to characterise (proven to be quantitative for hard surfaces 
[49]) the variation in elastic modulus at single points by detection of the tip-surface 
affected cantilever resonant frequency. This technique may also be used at a single 
frequency to measure relative (non-quantitative) shifts in the mechanical properties 
over an interface. 
Quantitative pulsed-force mode has the potential to measure high speed force-
displacement curves whilst scanning an oscillating tip over the surface. A current 
limitation of this technique is that there are no current calibration procedures or 
independent reports of its accuracy, repeatability or traceability. Force-displacement 
AFM as a single-point technique is reviewed in further detail in the following section. 
2.5.4 Force-displacement AFM 
In a similar manner to liT, the AFM tip can be pressed into the surface of the sample 
whilst the force and displacement is monitored. Figure 19 shows a typical force 
displacement curve. Note the change in sign convention found in the majority of 
force-displacement software. In Figure 19, the tip approaches the sample (0 to 1) 
until the attractive molecular forces at the surface cause the tip to snap into the 
surface (1 to 2). The AFM tip is then in contact with the surface and begins to indent 
until the maximum force or displacement is reached (3). Retraction of the AFM tip is 
straightforward, although due to the hysteresis of the piezo electric actuator that 
controls the movement of the tip, it does not tend to follow the same gradient as the 
approach curve (3 to 4). The same electrostatic forces that caused the tip to snap 
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onto the surface (1 to 2) cause the tip to adhere to the surface (4 to 5) allowing an 
additional measurement of surface adhesion before snapping off (5 to 6). 
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Figure 19: A typical force-distance curve taken during force-displacement , adapted 
from "Tutorial: Mapping adhesion forces and calculating elasticity in contact-mode 
AFM" [57] 
As described in the previous paragraph, the retract portion of the AFM force-
displacement curve is affected by hysteresis in the piezo electric actuator. For this 
reason, the approach portion of the AFM force-displacement curve is used for the 
calculation of surface material properties instead , However, the approach portion of 
the curve is often a mixture of both plastic and elastic deformation. To assume 
negligible plastic deformation in the approach portion of the curve , the indentation 
depth must remain small so that there is no residual plastic deformation. An 
additional complication when calculating the tip-surface contact area the difficulty in 
measuring the first contact point of the indentation and eliminating electrostatic 
forces from the indentation analysis [54,58] . Force-displacement is more sensitive to 
tip-surface interaction forces than liT and thus, combined with tip angle changes due 
to cantilever deflection , calculation of the indentation depth and the correspond ing 
contact area is a common research challenge . 
A very promising, but relatively undeveloped , appl ication for force -disp lacement 
AFM is in force volume, or mapping of force curves . The lack of any commercial 
data evaluation packages for force-displacements restricts its use to academic and 
research establ ishments [59] . Whilst there are a number of suggested 
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methodologies for robust force curve analysis [34,54,58], these are normally 
restricted to a very small range of samples and use scaling factors, or require very 
large tips (IJm radii) due to the uncertainties in calculating each variable. The ability 
to map out the elastic modulus as measured by force-displacement AFM around an 
interface would provide the numerical modeller with a great deal of information when 
making assumptions regarding the distribution of stresses surrounding the interface. 
2.5.5 Quantification of AFM 
Vanlandingham et al [60] used the AFM to measured tip-surface stiffnesses across 
a composite interface. However, the measured stiffnesses were unquantified. In 
order that the absolute mechanical properties of the interface and interphase may 
be measured and understood, force-displacement AFM must be quantified. For the 
purposes of this thesis, force-displacement that is quantified will be referred to as 
AFM-indentation. A challenge that this presents is that polymer matrix composites 
(PMC's) have a large range of mechanical properties (from relatively soft polymer 
matrices to hard carbon fibre reinforcements) and most indentation measurements 
are optimised for a small range. In order to calculate the elastic modulus from any 
indentation measurement, the following three parameters must be quantified; 
• the applied force, 
• the indentation depth, 
• the indentation contact area. 
Of the above, the easiest to calculate is the indentation depth, which requires the 
cantilever deflection to be subtracted from the piezoelectric actuator displacement 
towards the surface [37, 61]. The applied force, F, is typically calculated using 
F = kd, which requires the cantilever deflection, d , and cantilever spring constant, 
k . The cantilever deflection may be calibrated by indenting on a hard surface and 
equating the piezoelectric actuator displacement towards the surface with the 
measured cantilever deflection [37, 61]. This method requires the assumption that 
there will be no surface deformation. The applied force also requires calculation of 
the cantilever spring constant, which is complicated by ambiguity in the "correct" 
method. 
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Table 3 shows a comparison of the most common methods used to calibrate an 
AFM cantilever spring constant. Of these methods, the Euler Bernoulli method is 
most commonly used as a benchmark [62], the Sader method [63] has the lowest 
uncertainty and the Thermal Tune method [64] does not require any knowledge of 
the cantilever dimensions. 
Table 3: Comparison of the most common methods used to calibrate an AFM 
cantilever spring constant. The table has been adapted from [65]. 
Uncertainty Main source 
Method Notes (%) of error 
Euler Bernoulli 
Cantilever 
equation for cantilever 16 Rectangular cantilevers 
thickness 
beam [62] 
Parallel beam Elastic modulus 
26 V-shaped cantilever 
approximation [66] of SiN 
AFM tip mass must be low 
Frequency scaling [67] 9 Si density compared to that of the 
cantilever 
Use of a reference Deflection Requires a calibrated 
9 
cantilever [68] sensitivity cantilever 
Particle Time intensive and may 
Added mass [67] 15-30 
diameter damage the cantilever 
Sader method [63] 4 Cantilever width Rectangular cantilevers 
Measurement of the 
Thermal Tune method Deflection 
8 cantilever geometry is not 
[64] sensitivity 
required 
The most difficult parameter to quantify in AFM indentation is the contact area, 
which requires knowledge of the tip geometry and the response of the material to 
indentation. This area of study is typically known as contact mechanics and various 
models have been proposed that assume a certain type of contact. Accurate 
modulus measurements are complicated by the multiple complex force interactions 
that usually occur in a true tip-surface contact, which limit the accuracy of the model 
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considered. The most commonly used models for the calculation of elastic modulus 
by AFM are Hertzian, Derjaguin-Muller-Toporov (OMT) and Johnson-Kendall-
Roberts (JKR) where the predominant contact is between a spherical tip of defined 
radius and a flat surface [54]. In practice, the surface is rarely flat, and the tip apex 
may differ from an ideal sphere, leading to errors in the calculated modulus values. 
An additional complication is rotation (lateral and buckling movement) of the AFM tip 
during cantilever deflection which produces tip-surface shear forces that are not 
accounted for in the aforementioned models [55]. 
A method of avoiding rotation of the sample is by the use of spherical tips where the 
radius of the tip remains constant for any angle of the AFM cantilever or tip. Lin et al 
[58] have produced a method for automating Hertzian contact analysis of the AFM 
indentation force curves for a spherical tip. An algorithm is used to carry out the 
automation of the data analysis associated with the large number of force curves 
required when mapping indents over an area. A range from 4 to 16384 force curves 
taking between 30 seconds and 24 hours can be carried out over an area depending 
on the required resolution. This suggests two general requirements for AFM 
indentation based investigation of an interphase; an increase in the speed of AFM 
indentation and the ability to analyse force curves automatically. 
Clifford and Seah [34] applied Oliver and Pharr analysis (typically used for liT) to 
AFM indentation for a range of polymers (with modulus values from 0.2 GPa to 4 
GPa) and the calculated elastic moduli results showed good agreement with 
measurements obtained by nanoindentation and dynamic mechanical analysis 
(OMA) results. It was recognised by Clifford and Seah [34] that only four out of nine 
polymers under investigation could be measured using the specific tip and cantilever 
combinations as their stiffness was not high enough to satisfactorily indent the stiffer 
polymers. For this work, a reference sample method was suggested that involves 
measuring samples of known elastic moduli to produce a master curve, and then 
scaling the measured value to give a best fit estimate of elastic modulus for the 
unknown samples. Two barriers to the widespread use of the proposed reference 
sample method are the lack of data analysis standards and automation, which 
currently restrict its use to academic investigations. 
It is also noted that in the work by Clifford and Seah [34], the indentation depth used 
in the calculation of the elastic modulus needed to be offset for a number of the 
44 
softer polymers due to the difficulty in determining the start of the indentation (first 
point of contact). A method for determining the first point of contact is described by 
Butt et al [59] who defined it as the point of zero force after the tip-snap in. 
Lin et al [58] investigated biological samples in an aqueous environment in order to 
assess the application of AFM indentation on soft, elastic materials. The elastic 
modulus was calculated from the approach portion of the indentation curve. This 
method was used to avoid errors that can be introduced through adhesion and 
hysteresis from the piezoelectric actuators controlling the cantilever movement and 
sample itself. An iterative method for determining the contact point in the approach 
and retract portions of the indentation curves, as well as accounting for the adhesion 
to allow the use of the retract curve is given by Lin et al [54]. The iterative method 
was required to produce the best fit with the contact mechanics model due to the 
large repulsive inter-atomic forces between the tip and the sample before contact is 
made with the test surface. The smallest commercial spherical tips that are currently 
available have a minimum radius of 300 nm, which is sufficiently large to prevent the 
detection of any interphase less than that radius of the indenter tip. It is possible to 
manufacture a smaller sphere on a pillar to improve the resolution, although the 
indentation profile would then resemble a cone, removing the advantage of constant 
contact area for any rotation of the tip. This suggests that whilst the Hertzian contact 
models fit well for a spherical indentation, it is not yet known whether the model may 
be used for the quantification of AFM indentation of small features (i.e. an 
interphase) due to the practical resolution limit of the spherical tips. A comparison of 
typical indenter geometries used in AFM indentation and the surface investigated is 
given in Table 4. 
In order to obtain the same indentation depth experimentally for a given sample 
using tips with increasing radius, the force applied, and therefore the cantilever 
spring constant, should also increase. The uncertainty in the measured radius is 
generally smaller for larger AFM tips [69], as fewer assumptions need to be made 
concerning the contact area and tip shape. As the resolution decreases for larger 
AFM tips, the most appropriate balance between resolution and permitted 
uncertainty needs to be met with an understanding of potential nano-scale variation 
in the sample. For the identification and measurement of small interphases, a sharp 
tip attached to a cantilever with low spring constant (despite the challenge of 
predicting the contact area) may be the most suitable way of achieving the 
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resolution and required sensitivity. However, for a sharp tip with a "low" cantilever 
spring constant, there will be an increased sensitivity towards adhesion forces and 
other instabilities [57, 70]. It is clear that further work is required to validate the 
suitability of any tip-cantilever combination for a particular set of samples, as well as 
the appropriate numerical models, in order to strike the right balance between 
sensitivity of measurement and sensitivity to instabilities. 
Table 4: Typical indenter geometries used in AFM indentation for a range of sample 
materials 
Tip Spring 
Reference radius Constant 
Publication Tip material Sample material (nm) (N/m) 
[54] Polystyrene sphere PVA 9600 >1000 
[54] Silica sphere PVA 5500 >1000 
[69] Diamond Lactose particles 100 >4000 
[34] Silicon Polymers < 3 GPa Elastic Mod 176 125 
[69] Silicon Lactose particles 79.8 42 
[69] Silicon Lactose particles 34.6 42 
[70] Tungsten cone Polypropylene particles 25 1.01 
[57] Silicon Polydimethylsiloxane 10 0.1 
[71] Unknown Polyethylene (LOPE and HOPE) 10 48 
2.5.6 Concluding comments 
The AFM is a suitable technique for characterising the thickness and has the 
potential for characterising the elastic modulus over a composite interface. There 
are a number of developments to be made, including automation, calibration and 
quantification (including the availability and suitability of reference samples), data 
analysis and procedures to verify whether or not measurement artefacts may alter or 
obscure measurements of any interphase material. 
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2.6 The application of liT and AFM indentation-based 
measurements of the interface/interphase in composites 
2.6.1 Introduction 
The following section describes the published works that relate to nano-scale 
indentation measurement of the interface/interphase in composites. 
2.6.2 Nano-scale indentation measurements in composites 
Figure 20 shows measurements of hardness obtained across a glass fibre-
reinforced polyester composite interface by liT [2]. Two indentations of intermediate 
hardness are measured in the immediate proximity to the interface which are 
reported to reveal the presence of interphase material in this system. 
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Figure 20: Typical indentation Hardness values obtained over the interface for a glass-
reinforced polymer-matrix composite [2]. 
The results in Figure 20 show an interphase width for two 30 nm ± 10 nm deep 
indentations spaced 260 nm apart with a contact diameter of approximately 210 nm. 
The dimensions and location of the indentations relating to the interphase region 
were reported not to be restricted by the fibre-reinforcement. It is noted that the 
position of estimated glass/matrix interface marked in Figure 20 is at the same 
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position as an indentation that has the same hardness as the glass fibre (roughly 9 
GPa). This may give the impression of a thicker interphase width than if it were 
estimated to be between the interphase indentations (around 5 GPa hardness) and 
those on the glass (9GPa hardness). The interphase thickness, determined by 
indentations, is therefore defined by the indentation separation, which may introduce 
an error in the measurement if it is of a similar size to the interphase being 
measured. 
Part 2 in the series of "Nano-indentation of polymer-glass interfaces" by Hodzic et a/ 
[29] expands upon the results by including additional work of interphase 
measurements within water aged composites. Figure 21 shows a selection of results 
that suggest the interphase in the measured systems have been expanded by water 
aging. The results show measured interphase widths (identified by a step change in 
elastic modulus measurements) for a dry glass fibre-reinforced epoxy system, and 
the same after 3 and 10 weeks of water aging. The indentation results for the 
C11880/glass fibre shown in Figure 21 and indicate two main effects of the aging. 
The interphase region of different hardness has been expanded from 1 IJm for dry 
system to above 5 IJm (marked in red and blue respectively within Figure 21) for the 
10 weeks aged system and the average hardness on the glass-reinforcement has 
almost halved from 8 GPa to 4 GPa. 
It is noted that the measured hardness of the glass varied between around 5 GPa 
and 11 GPa for the dry glass and after 3 weeks of water aging. The dry composite 1 
IJm interphase region (highlighted in red) is defined by a hardness of approximately 
3 GPa, although there is an additional indentation of over 9 GPa between these 
measurements, which is in contrast to the interpretation of an interphase. For the 
three week aged composite, there are two interphase measurements (at indent 
position 10.5 IJm) of approximately 5.5 GPa, which appears to be the same 
hardness as some of the other measurements on the fibre (indent positions 12 IJm 
and 17 IJm). It is possible that these two indents either overlapped the fibre/matrix 
interface, or were restricted by the proximity to the reinforcement within these 
systems [29] suggesting that the results did not reveal a true interphase. It is of 
concern that for the ten week aged composite, there appears to be a missing 
datapoint (identified in green) and it is possible that the missing value contradicts the 
conclusion of an interphase in this system. However, the 5 IJm interphase region 
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detected for the ten week aged composite is sufficiently large that it is possible that 
the indents in this region are a product of interphase material. 
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Figure 21 : Hardness calculated for indentation lines across the interfaces of dry, 3 
week aged and 10 week aged CL 1880/glass fibre-reinforced composite [adapted from 
[29]. 
Attempts have been made to relate indentation measurements of the interphase, 
and subsequent FEA analysis , with Mode 1 double cantilever beam fracture 
toughness experiments [30]. Correlations between the fracture toughness and the 
nano tested interphase properties can be shown although the results do not appear 
conclusive for the crack initiation values and large error bars are presented. Kim et 
al [31] has detected sub 2 IJm interphase regions in a range of glass fibre-reinforced 
PMC's treated with silane sizing using 60 nm deep indents spaced 400 nm apart . 
The results for five composite systems with various silane sizings are shown in 
Figure 22. The interphase differs from that shown by Hodzic et al [2 ,29] as the 
interphase region is detected as a gradient of elastic modulus variat ion rather than a 
step change between matrix and reinforcement . It is worth noting that in each set of 
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measurements, shown in Figure 22, the measured elastic modulus of the 
reinforcement reduces with proximity to the interphase. There is a possibility that 
this is due to flexing or bending of the reinforcement under load that would become 
more pronounced further from the reinforcement centre. 
'00,------_____ _ 
.. 
.. 
1100001101 
• B i g • TQlI o Tdl 
'I' T.) 
• 1\:11. 
• TatS 
D TClt6 
'00..--------:----_ 
(b) MO.l.to~~ ~ .. 
eo 
.. 
·Q·I~· 
I ' • 
. 
• 
: 
o • T_I 
o Tm2 
• Tell] 
• Tell. 
• TeaS 
'OOr---------_ (c)MI.O ' .. ..--------,.(d."..,.)M=WO',....,-4---~ ''',----------:(=.)BJ'''' ..• ----
.. 
000008000 
• Teal 
o Tal 
• Tal) 
., TCSI-' 
.. 
.. 
IIII<Iphase 
-- ta~i.· 
8 ~ • 
§ : ~. 
. L 
• reM. 10 
o 
- ... 
l'·~h i : i i : : : 0 000 °0 o o • I o 
- .. 
• Tall 
o Tn!:! 
.. Tal) 
• Tal. 
Figure 22: Indentation measurements over an interphase for various silane sizings for 
glass fibre-reinforced polymer composites [31]. 
The 1 IJm to 2 IJm interphase thicknesses identified in Figure 22 are marked from 
the centre of indentations on the glass and matrix (rather than the edge of the 
indentations). There are only two indentations within the thickest interphase (marked 
2 IJm) corresponding to a minimum thickness of 800 nm if measured from the edge 
of the indent separation. As the size of the interphase can range from 800 nm to 
2000 nm, it is clear that user interpretation plays a key part in measuring the 
interphase thickness and consideration should be given to the resolution of the 
system. 
Evaluation of the size of the interphase region requires understanding of a number 
of factors; the geometry of the system being measured and the location of the 
indents that correspond to any interphase region. If the indents are at an angle to 
the reinforcement then any measured interphase region would appear much larger. 
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In the same way if the indentations spaced too far apart they would miss the 
interphase region entirely. Indentations where the tip is located partly between the 
reinforcement and matrix are bound to result in a ca lcu lated property measurement 
part way between that of the reinforcement and the matrix. It is possible that any 
interphase measurement may be a result of indenting over a compos ite stru cture 
rather than individually on each phase. 
Gao et al [72] have studied the effect of the indentation depth , and correspond ing 
area of indentation with regards to the detected interphase region . Where a defined 
interphase region exists, it can exhibit thermo-mechanical properties, chemical 
composition or morphological features [29]. Figure 23 shows an example of an 
interphase, measured by Gao et al [72], with noticeably different surface features to 
the matrix or fibre-reinforcement. The interphase shown in Figure 23 is slightly under 
2 ~m and is comparable in size to that shown by Hodzic et al [2 , 29] and Kim et al 
[31 ]. 
Figure 23: Atomic force microscope phase image of the surface of a glass fibre -
reinforced polymer with an interphase region [72]. 
Indentation tests of varying forces lead to different indentation depths and, unless a 
flat punch is used , lead to variation in the contact area between the indenter tip and 
the surface. Gao et al [72] has measured the interphase in Figure 23 and reported 
that an interphase reg ion can be measured artificially due to a boundary effect in 
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which the plastic deformation caused by the indenter is restricted by proximity to the 
fibre. This restriction of plastic deformation would lead to a higher measured 
hardness or elastic modulus. Figure 24 shows results of indentations at increasing 
load in the vicinity of an unsized glass-fibre. The results show that at large loads an 
apparent increase in the modulus is measured which is due to the restriction of the 
indentation due to the proximity of the interface (Figure 24d). 
40 
30 
20 
10 
0 
30 
20 
n 
~ 10 C 
-,r. () 
;::l 
;::l 
-0 
.... 30 "'" :2 
20 
10 
0 
:iO 
20 
10 
0 
I 
.. ." ......... _! ......... _ ......... , 
! 
I 
I 
.. I .... 
o Apparent 1....... .. 
. " increase in 
" 'modulus I 
I 
\ i 
I, i. " Tn ' 
(a) 
(b) 
(c) 
" ~ _~ : -I' q, __ ~-:>---o- _ , .. -- ~-~ 
--: . ! 
! 
.. ~ . \ Apparent 
.. \ I ~~~e~~~ in CD !, ..... 
l",: __ ~. _.~'. _-....---c..---o.~ 
. (d) 
. ,· .. t·· 
i 
I 
-500 0 1000 1500 2000 2500 500 
Distance from tibre surface (11m) 
Figure 24: Indentations on an unsized glass fibre-reinforced polymer composite 
interface. Forces are (a) 0.24 J,lN (b) 2.6 J,lN (c) 5.2 J,lN (d) 12.3 J,lN [72] 
Figure 25 shows the results of indentations at increasing load in the vicinity of a 
sized interface. In contrast to the results that were presented in Figure 24, low load 
(0.24 iJN) indentations near the sized interface show an increase in elastic modulus 
52 
due to the presence of an interphase. This interphase is represented as a 
graduation of increasing elastic modulus over 500 nm region from the matrix to the 
fibre at low (0.24 IJN) loads . 
.to 
30 
20 
10 
0 
30 
~o 
.-
;":l 
... 
10 -... 
...." 
:r. 0 :::2 
:::::I 
~ 
...., 30 ...-/. 
20 
10 
{) 
30 
~O 
10 
0 
j 
'\ . \., (a) 
4 i 
.,. 
-500 0 
' •• '. 1··_··_····--···i···_····_ .. · ............ ", ......... . 
• i i I~ •••• _ ••• -t .. -. .. _ ... _ .... ; ........ _ ... _ ... 4-... _ .. _ .. _ .. 
... 
I 
I 
I 
I 
I 
t 
' ................ ; ....... :-,a. .~ 
..... ;-- ........ ~W"'i 
; 
· .. ·r' .. ··· ~ ~ .. j 
i 
..•. ~ . .; ...... , ~ ... ,-.... ~.~~.-- ... . 
! I 
~ 1 
(b) 
..................... --..... .............. •.•.• -..---. -+-....... 
- i 
i (d 
(d) 
... ,1, •••• " 
i 
i 
.... .- .... : ... ~-..... -......... : .. . 
~ . 
I i 
. ............... " ..... ,." 
! i 
• ~ -+ .. ~ -----..----... -+-- • 
500 1000 1500 2000 2500 
Distance from fibre surface (nm) 
Figure 25: Indentations on a sized glass fibre-reinforced polymer composite interface. 
Forces are (a) 0.24 ~N (b) 2.6 ~N (c) 5.2 ~N (d) 12.3 ~N [72]. 
When the results of liT measurement in the interfacial region [2, 29, 31, 72, 73, 60] 
are considered, it is clear that there may be detectable interphase regions 
surrounding sized or coated reinforcements. What is yet to be established is 
whether or not the detected interphase in each case is caused by the experiment 
itself or the chemical composition of the material. Gao et al [72] have provided a 
relationship shown in Figure 26 between the indentation force used and the 
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interphase width detected by Type I (composite indentation on both reinforcement 
and matrix) and Type II (restriction of the plastic deformation zone) indentation. 
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Figure 26: Relationship between the Type I and Type II detected interphase regions at 
different indentation forces [72]. 
Gao et al [72] have indicated that the Type II interphase detected will extend to 
approximately two to three times the contact radius (related to indentation depth and 
applied force) and thus low indentation loadings and forces are required to detect 
the interphase and must be representative of those at a higher load. This has been 
confirmed by Munz et al [73] who identified measurement artefacts in all 
indentations that were less than two times the contact radius from the interfacial 
borderline. Figure 27 shows four sets of indentations from this work where there was 
an apparent increase in the measured modulus due to restriction of the indentation 
when measured close to the interface [73]. 
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borderline from a series of indentations across an interface between steel and 
polycarbonate. In this x is the distance from the interface and d is the contact 
diameter [73]. 
In the case of the Berkovich indenter used by Kim et al [31], a 60 nm deep 
indentation will have an indent length of 388 nm assuming the perfect geometry 
given in Figure 28. According to the work by Gao et al [72] and Munz et al [73], in 
order for a true interphase region to be measured, it must extend beyond three 
times the contact radius or 582 nm from the edge of the fibre (for the work by Kim et 
al [31]). As the minimum interphase thickness is 400 nm for this system (see Figure 
22) it is possible that these measurements may not reflect a true interphase 
property. In addition, the indentations are all separated by 400 nm and there is no 
supporting evidence of placement of these indentations in respect to the fibre 
interface. This suggests the possibility that the interphase measured in Figure 22 
may be caused by the presence of the fibre restricting the indentation and not due to 
a region of different mechanical properties. 
Indent length 
Figure 28: Berkovich geometry [31] used for liT measurements. 
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Table 5 shows a summary of reported interphase thickness for the various 
composite systems within this review. As it has been suggested that interphases 
must be larger than two to three times the contact radius, the maximum measured 
interphase thickness has been divided by the contact diameter and is shown for 
each system. There does not appear to be any correlation between the actual 
maximum thickness to contact diameter, and whether or not the measurements are 
reported to correspond to an interphase or not. This suggests that the specifics of 
the system and the interpretation of the measurements may play a part in the 
analysis. 
The results presented for the glass fibre-reinforced vinylester system suggest an 
interphase, although this is possibly due to the method by which the interphase 
thickness is defined. The interphase thickness has been amended based on the 
contact diameter and the number of indentations in the interphase, and the results 
are included within Table 5. The amended interphase thickness to contact diameter 
ratio suggests that if a minimum thickness/diameter ratio are to be followed, then the 
work by Kim et al [31] does not reveal a true interphase. 
What it is of concern is that the results, from the FEA analysis of a cellulose fibre-
reinforced polypropylene system with no interphase, suggest that the minimum 
thickness of any interphase must be 8 times the contact diameter to avoid 
measurement artefacts [33]. In addition, all of the interphases with a 
thickness/contact diameter less than 8 in Table 5 also show a gradual increase in 
the elastic moduli between the matrix and reinforcement and may only be 
represented by a very small number of indentations «3). In contrast, the 5 IJm 
interphase measured [29] is characterised by a step change in the elastic modulus 
between that of the reinforcement and matrix, suggesting an interphase with unique 
and distinctly different material properties independent of restriction due to the 
reinforcement. 
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Table 5: A comparison of the reported interphase thickness related to the indentation 
contact diameter for various composite systems. For the amended details, the 
interphase thickness was calculated from the contact diameter multiplied by the 
number of indentations in the interphase. 
Max 
Reported 
thicknessl Composite 
Interphase Reference Observations Contact system 
width (nm) 
radius 
Glass fibre-
780 3.7 reinforced [2] 
polyester 
Glass fibre-
1040 5.0 reinforced [29] Authors suggest an phenolic interphase 
5000 23.8 [29] 
2000 5.2 
Glass fibre-
reinforced [31] 
vinylester 
2000 5.2 [31 ] 
1600 2.0 cellulose [33] Authors recommend an fibre- interphase width/contact 
reinforced diameter ~ 8 1000 2.5 polypropylene [33] 
1000 3.8 [33] 
Glass fibre-
reinforced Authors recommend an 
< 300 < 7.5 polypropylene [72] interphase width/contact 
and epoxy diameter ~ 1.5 
composites 
8.0 [73] Authors suggest an >120000 Steel- interphase 
reinforced 
polycarbonate Authors recommend an 
NA 1.0 [73] interphase width/contact 
diameter ~ 1 
Carbon fibre- Contact diameter assumed 
118 2.95 reinforced [74] to be smaller than indent 
bismaleimide separation 
Interphase In contrast to authors 
800 2.1 Glass fibre- width amended comments, the 
reinforced from [31] measurements may not be 
vinylester interphase as the 
Interphase width/contact diameter < 1.5 
400 1.0 width amended 
from [31] 
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Vanlandingham et al [60] have studied the interface of an unsized glass fibre-
reinforced epoxy using force-displacement AFM. Figure 29 shows normalised 
stiffness values measured at each indentation point and a possible interphase 
region spanning 200 nm from the fibre. 
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Figure 29: Force-displacement AFM obtained normalised stiffnesses as a function of 
distance over the interface of an unsized glass fibre-reinforced epoxy [60] 
Analysis carried out by Vanlandingham et al [60] with regards to Figure 29 indicate 
that the 200 nm interphase region can be caused by a restriction on the 
development of plastic deformation due to the presence of the glass fibre 
reinforcement. In order to verify the hypothesis and potential of AFM for measuring 
interphase properties, a thick interphase region was developed by coating a copper 
wire before embedding it within an epoxy-matrix. The same force-displacement 
experiments were carried out for the copper-reinforced epoxy-matrix system and 
results are shown in Figure 30 [60]. 
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Figure 30: AFM normalised stiffness over the interface of a copper-reinforced epoxy 
system [60]. 
Due to the presence of the coating (Figure 30) the measured interphase region is 
approximately 7 IJm from the fibre and includes a short transition region of 200 nm 
where the fibre has influenced the indentation response producing "stiffer" results. 
The work carried out by Vanlandingham et al [60] shows that it is possible to 
measure an interphase region using force-displacement when the indenter is 
smaller than the region being investigated. It was also suggested that apparent 
increase in the measured stiffness regions were measured due to a localised 
restriction of indentations around areas of high stiffness. In a second paper related 
to this work [75], finite element analysis (FEA) was used to predict that the 
experimental AFM setup had a 50 nm resolution. This is less than the experimental 
AFM setup which is less than the 388 nm indentation diameter of liT used in other 
work [31]. It is worth noting that the measured transition region (of measurement 
artefact) is approximately four times that of the resolution in these experiments. This 
supports the rule proposed by Gao et al [72] and Munz et al [73] of a minimum 
separation distance of two to three times the contact radius between the indentation 
and any harder substrate. 
59 
2.6.3 Concluding comments 
From the work presented [2, 29-31], nano-scale indentation has identified variation 
in nano- and micro-scale mechanical properties (in the form of elastic modulus or 
hardness increase) between the reinforcement and the matrix. In each case, 
indentations were performed over the interface of a cross sectioned composite 
material indicating the potential of indentation for use as an in-situ quality control 
technique. In particular, this shows the capability of liT for measuring the differences 
in interphase width between dry and water aged composites [29]. The results are 
also comparable with liT measurements on other systems [72, 73]. However, in 
these systems it was realised that measurement artefacts could be detected due to 
restriction of the indentation in the proximity of the reinforcement. For this reason, 
Gao et al [72] and Munz et al [73] proposed a minimum separation distance of two 
to three times the contact radius between the indentation and any harder substrate. 
Whilst this minimum separation will affect a number of previous experiments, it has 
been suggested that the minimum separation should be increased to eight times the 
contact diameter after further FEA analysis [33]. 
The previous work shows that that nano-scale indentation can successfully be used 
in the characterisation of interphases so long as the interphase is larger than the 
sensitivity of the indenter. What is clear is that the size and structure of any 
interphase region is highly dependent on the type of matrix and reinforcement, the 
reinforcement treatment or sizing before processing and any environmental 
degradation [2, 29, 31, 72]. Possibly the most promising research for characterising 
the interphase using liT is by comparison with results obtained using the atomic 
force microscope (AFM) [72]. 
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2.7 Outcome of the review and refined aims 
Outcome of the review 
Two types of test technique have been reviewed: current methods traditionally used 
to evaluate the interfacial shear strength and new nanomechanical test techniques. 
For the single-fibre test techniques, there are no standards or even a general 
consensus for the interpretation of results. In addition, the results do not necessarily 
represent those of a real composite and assume perfect bonding (no interphase). 
The nanomechanical test techniques are capable of directly loading the material in 
the interfacial region and where the resolution is appropriate, can be used to 
measure the interphase in terms of physical and mechanical properties. 
In summary: 
• Current mechanical test methods only infer the properties of the interface 
and cannot directly measure the interphase. 
• Nanomechanical test methods have the potential to quantify the interphase 
in terms of physical and mechanical properties, although developments to 
the test procedures are required. 
It is clear that for composite systems where the interphase region is of unknown 
dimensions, the indentation measurement must have the highest possible resolution 
in order to detect the property changes. The AFM acquisition system should deal 
effectively with the increasing resolution required for mapping the interface, either by 
increasing the number and/or density of indentations. In addition, methodology 
should be improved to enable quantification of the interphase measurements. 
Refined aims of this work 
The general objectives of this work were to 
• 
• 
Find and evaluate a suitable test method for the mechanical characterisation 
of the interface/interphase region of polymer composites. 
Produce methodology for the selected test method which can be carried out 
in industry 
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The literature review has highlighted the potential of nanomechanical test methods 
(liT and AFM) for the mechanical characterisation of the interfacelinterphase region 
of composites. There is, however, some uncertainty about the ability of liT and AFM 
to measure the properties of interphases without any influence from the composite 
reinforcement. In light of the general objectives and the outcome of the literature 
review, the aims of this work are to. 
• Establish the extent to which the AFM may be used to mechanically 
characterise any interphase region, where present. 
• Develop a procedure that may be used to quantify AFM measurements in 
terms of the surface elastic modulus. 
• Develop a procedure that may be used to identify whether or not the AFM 
may be used to measure the properties of interphases without influence from 
the composite reinforcement. 
The next chapter introduces a number of glass-reinforced polymer composites that 
will be evaluated in this work, and the results of physical characterisation of the 
interfacial region in these materials. These results will be used to support the 
subsequent development of the AFM for measuring the mechanical properties of the 
interface/interphase region in polymer composites. 
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3 Materials and physical characterisation of the 
interfacial region 
3.1 Introduction 
This chapter contains the details of two types of polymer composite used in the 
present work, a glass flake-reinforced polypropylene and a glass fibre-reinforced 
vinylester. Results from physical characterisation studies of the interfacial region are 
also presented. The materials and sample preparation methods will be introduced 
first, followed by the details of three types of microscopy that may be used to identify 
the presence of any interphase material. Results will be presented in the form of 
images that were obtained using an optical microscope, a scanning electron 
microscope (SEM) and a transmission electron microscope (TEM). 
3.2 Materials and sample preparation 
3.2.1 Materials 
A variety of materials with different applied sizings (interfacial treatments) have been 
selected in order to assess the suitability of the three microscopy-based techniques 
for detecting the presence of any interphase. A secondary objective of this work was 
to establish the presence and physical dimensions of any interphase for each 
system (where possible) prior to subsequent mechanical characterisation. The 
materials and industrial suppliers are as follows: 
• Three glass flake-reinforced polypropylene composite specimens with varying 
concentrations of sizing agent that was applied to the glass flakes before 
processing, supplied by NGF Europe. The first composite contained untreated 
flakes and second two contained 0.05 % aminosilane and 0.28 % aminosilane 
sizing agent. The glass flakes were of random geometry and dispersion. 
• Two continuous unidirectional glass fibre-reinforced vinylester pultruded rods, 
one sample with poor interfacial bonding and the other with good interfacial 
bonding, supplied by Exel Composites, UK. 
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3.2.2 Sample preparation methods 
3.2.2.1 Introduction 
Each of the materials evaluated in this study required extensive sample preparation 
in order that the region of interest (the interface) could be examined. For the optical 
microscope, the surface was required to be flat and clean. For the scanning electron 
microscope (SEM), the surface did not necessarily need to be flat, although it 
required coated with a thin layer of gold in order to conduct electrical charge and 
prevent electrostatic build up which would distort the image. For this, In order to 
minimise the thickness of the gold, samples were splutter coated for 30 seconds at a 
time until the thickness was sufficient to allow imaging. For the transmission electron 
microscope (TEM), samples had to be electron transparent, which required ultra-thin 
« 150 nm) samples to be prepared. Two main techniques of sample preparation are 
presented, mechanical polishing (for preparing flat surfaces) and focused ion beam 
milling (for preparing ultrathin surfaces). 
3.2.2.2 Mechanical polishing 
Mechanical polishing is a simple method of removing height variation across a 
surface by abrasion. The general principle is to first flatten the surface by grinding 
the surface with large particles, and then finely polish the surface by grinding the 
surface with successively smaller particles. The reduction in the size of the particles 
during the final polishing stages helps to remove the height variation as well as any 
damage caused by the previous polishing. 
The mechanical polishing preparation method was a variation of the procedure 
proposed by Khanna et a/ [76] with the addition of intermediate abrasion steps to 
ensure minimal damage to the composite whilst ensuring minimal height variation 
across the sample. Firstly, samples were cut to size using a Buehler Isomet low 
speed saw (Buehler, Coventry, UK) and then mounted in a Struers epofix cold cure 
resin (Struers, Westlake USA) overnight before polishing a cross section using the 
following sequence in Table 6. Surfaces were polished using a Struers Tegrapol 
polishing machine using Struers SiC paper, diamond suspension and lubricant. 
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Table 6: Mechanical polishing sequence using a tegrapol polishing machine with 
anticlockwise paper and sample rotation 
Abrasion method Lubricant 
Time 
RPM (mins) 
P500 SiC paper Water 1 300 
P1000 SiC paper Water 1 150 
P2000 SiC paper Water 2 150 
P4000 SiC paper Water 2 150 
6IJm diamond suspension on Our cloth Blue (Struers) 10 150 
3IJm diamond suspension on Our cloth Blue (Struers) 10 150 
1IJm diamond suspension on Our cloth Blue (Struers) 20 100 
0.11Jm diamond suspension on Our cloth Blue (Struers) 20 100 
No additional 
OP-S or OP-U suspension on Our cloth 40 100 
lubricant used 
3.2.2.3 Focused Ion Beam sample preparation 
The focused ion beam (FIB) is a facility that uses gallium ions to bombard the 
surface and ablate, or mill away, the material. The area that the gallium ions are 
focused on and the duration of operation will dictate the amount of material 
removed. This method has the advantage of being able to prepare very small areas 
or sections of material, a requirement of TEM. The challenge with preparing the 
specimens for TEM was to ensure constant thickness when FIB milling, depositing 
enough tungsten weld to fix it to the carbon fibre or copper inspection grid and to lift 
the sample out of the surface without damaging it. The success rate when lifting the 
samples out of the surface without damaging the sample or losing it in the vacuum 
was typically only 1 out of every 3 samples milled. 
The FIB was used to prepare ultra-thin samples for transmission electron 
microscopy (TEM). The particular FIB used was a FEI Nova Nanolab 600 dual beam 
focused ion beam (FEI, Oregon, USA) and was operated by David Cox at the 
Advanced Technology Institute (University of Surrey, Guildford, UK). The samples 
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were first polished mechanically using the methodology outlined above, and then 
coated with conductive gold palladium to minimise surface charging from the 
electron beam. The coating was applied for 30 seconds using an Edwards S 150B 
splutter coater (BOC Edwards, now part of CCMP Capital , New York , USA). The 
sample was then loaded into the FIB and a glass-matrix interface (without interfacial 
debonding) was selected. 
A thin layer of tungsten was deposited over the selected interface in order to ensure 
even milling (marked in Figure 31) . The FIB was then used to mill out two sections 
across an interface leaving a thin slice between . The slice was then cleaned using a 
very fine focused spot of gallium ions to remove any redeposited material and thin 
the section evenly. After the final cleaning, it was apparent that the tungsten weld 
and gallium milling had resulted in some implantation of tungsten and gallium in the 
sample, easily seen in the TEM as exceptionally dark contrast regions when 
compared to the glass-fibre or polymer matrix. The nanomanipulation device 
(comprised of a prethinned carbon fibre on piezo electric motors) was attached to 
the thinned section with a small deposited tungsten weld . The FIB was then used to 
weld the thinned section onto a 3 mm diameter copper grid and then mill away the 
carbon fibre . 
Tungsten 
deposition 
Vinylester 
~ .. t---+-- Carbon 
, ",,,;mJ'jV.F 
fibre 
Ultrathin 
~----------~~ 
section 
matrix ---+-~. _~ ______________________ ----J 
Figure 31 : A TEM thin section cut away from the surface and lifted out of the surface 
using a prethinned carbon fibre attached to a nanomanipulation device. (Courtesy of 
David Cox) . 
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3.3 Experimental Methods 
3.3.1 Introduction 
Three main techniques were used to characterise the physical properties of any 
interphase that may be present in the composite systems. These techniques are 
optical microscopy, SEM and TEM. This section outlines the core operating 
principles and details of the instrumentation relating to each technique. 
3.3.2 Optical microscopy 
A Nikon MM-60 optical microscope (Nikon, Tokyo, Japan) with a digital camera 
attachment was used to take photographs of the polished cross-sections. Samples 
were imaged using a combination of reflected and transmitted light in order to 
achieve the best contrast between the glass fibre and the polymer. 
3.3.3 SEM 
A Carl Zeiss Supra-40 FESEM (Carl Zeiss inc, New York, USA) was used to take 
images of; the composite fracture and polished surfaces; AFM probes; and the 
indenter tips. Figure 32 shows a photograph of the SEM. Two types of electron 
detector were used to generate the images within this thesis, a secondary electron 
detector (good depth of field) and an in-lens electron detector (poor depth of field, 
better surface sensitivity and magnification). All images were captured using a 
variable accelerating voltage and a 20 IJm aperture. 
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Figure 32: Photograph of the Carl zeiss supra-40 FESEM 
3.3.4 Transmission electron microscopy (TEM) 
A JEOL 2000 FX TEM (Jeol ltd, Tokyo, Japan) was used to produce transmission 
electron microscope (TEM) images of the composite interfaces prepared using the 
focused ion beam. For all the TEM images contained within this thesis , the operating 
voltage was 200 kV, the current was typically 10 IJA and a bright field image was 
used. Figure 33 shows a photograph of the TEM at the National Physical 
Laboratory. 
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Figure 33: Photograph of the JEOL 2000FX TEM at the National Physical Laboratory 
3.4 Optical characterisation of samples 
Figure 34 shows an image of a cross section through the 0.28 wt % glass flake-
reinforced polypropylene composite which demonstrates the random orientation , 
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geometry and dispers ion found in each sample. A number of flakes can be observed 
beneath the surface of the polypropylene due to the high reflectivity of the glass 
flakes . The reflection from flakes meant that it was not always possible to get 
enough contrast between the reflective fl akes and the translucent polypropylene for 
image analysis. In addition , the pol ishing resulted in scratch marks and damage at 
the edges of the flakes. It was also noted that flakes were ripped from the surface 
during polishing , which resulted in further scratching to the surface. This light 
reflection and surface damage was considerably reduced by preparing the glass 
flake-reinforced composite samples side-on to the flake (the length and thickness of 
the flakes can be observed , but not the width ). 
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Figure 34: Cross sectional photograph of the 0.28 wt % aminosilane glass fl ake-
reinforced polypropylene system. 
Figure 35 shows an optica l image of the 0.28 wt % glass flake-reinforced 
polypropylene prepared at a cross section perpendicular to the thickness of the 
flakes at a magnification of 200 X. The image shows the mold flow direction and the 
variation in the orientation of the flakes through the thickness of the composite . The 
photographs were then analysed using a digital imaging acquisition system in order 
to establ ish the average flake size for subsequent testing of the interface. The 
average th ickness of the flakes was between 6 ).lm and 8 ~Lm , and the average 
length of the flakes was between 60 ).lm and 80 ).lm . 
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Figure 35: Cross sectional photograph of the 0.28 wt % aminosilane glass flake-
reinforced polypropylene systems. 
The high volume fraction (45 %) of glass fibres in the vinylester composite had the 
same effect in terms of reflection as the flakes did when imaged top down. The 
optical microscope had a limit of 1000 times magnification , which meant that no 
interfacial phenomenon other than fractures or damage could be detected . In order 
to obtain more detail about the interface, polished cross-sections and fracture 
surfaces were imaged using the scanning electron microscope (SEM). 
3.5 Scanning Electron Microscope (SEM) evaluation of 
fracture surfaces 
3.5.1 Introduction 
The scanning electron microscope was investigated as a method of characterising 
the interface for comparison with other methods. Polished cross-sections and 
fracture surfaces were prepared for the glass fibre-reinforced vinylester specimens 
and then investigated using the SEM. 
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3.5.2 Polished cross sections 
Polished cross sections were analysed in the SEM in order to perform a vi sual 
check on any possible change in surface structure that might correspond to an 
interphase region next to the glass re inforcement. Figure 36 shows a polished cross 
section of the poorly-bonded glass fibre re inforced vi nylester and Figure 37 shows a 
polished cross section of the well-bonded glass fibre reinforced vinylester. 
200nm 
~ 
Figure 36: SEM image of the glass fibre-reinforced vinylester sample with poor 
interfacial bonding. 
100nm 
H 
Figure 37: SEM image of the glass fibre-reinforced vinlyester sample with good 
interfacial bonding . 
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There were no noticeable interphase of dissimilar surface structure at the interface 
, 
or any differences in the surface structure between the two glass fibre-reinforced 
vinylester samples. It is possible that the thin layer of gold-palladium on the surface 
could have obscured any interphase region present. In order to evaluate the 
interface further and identify the presence of any interphase in these samples, the 
composites were fractured and then re-imaged in the SEM. 
3.5.3 Fracture surfaces 
3.5.3.1 Introduction 
Glass flake-reinforced polypropylene fracture specimens were obtained after three-
point bend experiments had been performed [77]. However, it was not possible to 
use the glass fibre-reinforced fracture specimens, as the poorly-bonded sample 
experienced full matrix cracking during the test which resulted in the appearance of 
a wire brush at the centre of the bend. In order to evaluate fresh fracture surfaces, 
new samples were prepared by initiating a crack, cooling the rods using liquid 
nitrogen and bending them until they broke. The fracture surfaces were then cut out 
using a low speed diamond saw to an appropriate size and then sputter coated in 
gold to prevent charging during imaging. 
3.5.3.2 Glass flake-reinforced polypropylene 
The glass flake-reinforced polypropylene fracture speCimens and SEM images 
presented here were prepared and imaged at the National Physical Laboratory by 
Dipak Gohil. Figure 38 shows an SEM image of the glass flake-reinforced 
polypropylene fracture specimens. The image shows that the glass flakes are clean 
after fracture and that where pull-out has occurred, there is no observable damage 
to the surrounding matrix, which might be expected if it there had been any 
deformation before interfacial failure. Figure 39 shows an SEM image of the flake 
surface where the film can be observed peeling away from the surface. 
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Figure 38: SEM image of a fracture surface of the glass flake-reinforced polypropylene 
specimen with no applied sizing. Image taken by Dipak Gohil at the National Physical 
Laboratory. 
10fJm 
I 
Figure 39 : SEM image of the glass flake-reinforced polypropylene specimen with 0.28 
% aminosilane showing film like material on the surface after fracture. Image taken by 
Dipak Gohil at the National Physical Laboratory. 
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Close inspection of the interface between the flakes and the surrounding matrix for 
the other flake-reinforced specimens revealed the same relatively clean flakes and 
pull-out. However, a film like material was identified (see Figure 39) on the flakes for 
the specimen with 0.28 % aminosilane sizing . 
Figure 40 shows the same image at high magnification where chains of material can 
be observed holding the film layer onto the surface. The film layer is approximately 
300 nm in this image and the chains have extended to a similar amount. Residue 
chains can also be observed on both the flake and the film layer. 
200nm 
H 
Figure 40: High magnification SEM image glass flake-reinforced polypropylene 
specimen with 0.28 % aminosilane showing the film like material joined to the surface 
by chains of material. Image taken by Dipak Gohil at the National Physical Laboratory. 
From the SEM observations of the flake-reinforced specimens, it is possible that in 
the 0.28 % aminosilane glass flake-reinforced polypropylene sample, an interphase 
of material exists that is approximately 300 nm in thickness . 
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3.5.3.3 Glass fibre-reinforced vinylester 
Glass fibre-reinforced vinylester fracture surfaces were imaged under the SEM to 
see if a similar interphase exists as for the glass flake-reinforced polypropylene 
sample. Figure 41 shows the fracture surface of the well-bonded glass fibre after 
fracture and it can be seen that, besides dust and small fragments of vinylester, the 
glass surface is smooth. This is very different to the surface of the poorly-bonded 
specimens (see Figure 42) where the glass fibre is covered in what appears to be 
droplets of applied sizing. This is similar to the droplets observed in other work 
(Figure 2 [12]) that covered the surface of glass fibres , which had been covered in 
large amounts of sizing . Usual fibre fracture surfaces are similar to that seen in 
Figure 41 of the well-bonded sample implying that the residue droplets are the 
cause of the poor bond of the sample in Figure 42. 
Figure 41 : SEM image of the fracture surface of well-bonded glass fibre within a 
vinylester matrix 
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Figure 42: SEM image of the fracture surface of the poorly-bonded glass fibre within 
vinylester matrix 
The presence of sizing on the surface of the poorly-bonded differences in the 
surface of the fibres indicate that the sizing applied to the poorly-bonded glass fibre 
has not properly wetted the surface of the glass fibre leading to uneven dispersion 
over the surface. This may be due to an old or contaminated batch of sizing or an 
incompatible sizing for this fibre-matrix combination. The lack of interfacial bonding 
in the poorly-bonded sample can be shown by the difference in moisture uptake 
compared with the well-bonded sample. Figure 43 shows the differences in the 
moisture content and the differences in the flexural strength of the well-bonded and 
poorly-bonded glass fibre-reinforced vinylester composite samples after various 
durations of water. Bill Broughton and Gordon Pilkington carried out the water aging, 
and subsequent mechanical testing, at the National Physical Laboratory. Figure 43 
shows that the moisture content of the poorly-bonded sample is four times that of 
the well-bonded sample after 3 months water aging. In addition, the dry flexural 
strength of the poorly-bonded sample is a quarter of the flexural strength of the well-
bonded specimen and after 3 months water aging, the strength reduced by a further 
quarter. 
A possible reason is that for the poorly-bonded sample the interfacial failure is within 
the sizing layer, which neither bonds well to the fibre surface or the matrix. During 
77 
water ageing the layer would become hydrophilic and allow more water to propagate 
down the length of the fibre further degrading the properties. In order to see where 
the failure is within these systems the fracture surfaces of partly disbonded regions 
have been investigated . 
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Figure 43: Differences in the moisture co ntent and flexural strength of two glass fibre-
reinforced vinylester composite samples after three durations of water aging . Results 
provided courtesy of Bill Broughton and Gordon Pilkington from the National Physical 
Laboratory. 
78 
The same surfaces were imaged using the SEM in the regions where the fibre was 
pulling away from the matrix. In all cases of the well-bonded sample, the fracture 
surface was clean or fully bonded and rarely were there any kind of chain-like bonds 
(as seen in Figure 44) remaining between the two surfaces. Figure 45 shows an 
SEM image of the end of a fractured fibre from the poorly-bonded composite. A film-
like layer of polymer can be observed on the fibre surface that is distinctly different 
from the particles of fracture vinlyester or bulk matrix. 
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Figure 44: SEM image of a fracture of a well-bonded glass fibre and vinylester matrix 
composite 
The surface residue of the poorly-bonded fibre, as shown in Figure 41, is very 
different from that of the well-bonded fibre in Figure 44. This would support the 
possibility of a hydrophilic sizing layer which had aged or degraded resulting in low 
adhesion between both the matrix and the fibre. A second example of this thin layer 
can also be seen in Figure 45 and Figure 46 where it is seen peeling off the fibre 
surface. 
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Figure 45: SEM image of a film like layer between matrix and fibre for the poorly-
bonded glass reinforced vinylester matrix 
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Figure 46: SEM image of a film li ke layer over a glass fibre after fracture of the poorly-
bonded glass reinforced v inylester matrix 
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The SEM was used to image both flake- and fibre-reinforced systems. The SEM 
images show the presence of a thin film like layer for the 0.28% glass flake-
reinforced polypropylene composite and the poorly-bonded glass fibre-reinforced 
composite. In each case, there exists a separate material underneath the thin film in 
the form of individual droplets or a chain like structure. A transmission electron 
microscope (TEM) was used to evaluate cross-sections of the interface in order to 
identify density contrast between the glass and matrix. The aim of this study was to 
measure any changes in density and ascertain whether the thin film was simply a 
matrix layer restricted from deformation, or a layer of interphase material. 
3.6 Transmission Electron Microscope (TEM) of pultruded 
rods 
3.6.1 Introduction 
Two ultrathin specimens have been milled out across the interface from the surface 
of each of the two glass fibre-reinforced vinylester samples using the Focused Ion 
Beam (FIB) and then imaged using the TEM. The specimens were approximately 
100 nm thick and were electron transparent for imaging purposes. The aim of this 
set of measurements was to detect the presence of any interphase material 
between the glass and the vinylester. 
3.6.2 TEM imaging of the composite interfacial region 
Figure 47 shows a TEM image of the well-bonded glass fibre-reinforced vinylester 
sample which shows two main regions of different material density; a darker region 
corresponding to glass and a lighter region corresponding to the vinylester. There is 
no clear evidence of an interphase region within this sample, only a short density 
gradient between the two phases, which spans less than 50 nm across the interface. 
81 
Figure 47: TEM image of well-bonded glass fibre-reinforced vinylester showing 
interface of glass (top) and vinylester matrix (bottom) 
Figure 48 shows a TEM image of the well-bonded glass fibre-re inforced vinylester 
sample which appears to have been contaminated by some tungsten spluttering 
during the FIB process. In this image there is the same short density grad ient 
between the glass and vinylester. 
Figure 48: TEM image of the well-bonded glass fibre-reinforced vinylester pultruded 
rod specimen showing vinylester (lighter reg ion at the top) , glass (darker region at the 
bottom) and tungsten (deposited dark spots and short lines across the whole image) . 
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The TEM foil taken from the poorly-bonded glass-fibre reinforced vinylester was also 
photographed using the TEM and the resultant images show an entirely different 
interface with one if not two distinct reg ions of diffe rent structure. The TEM foi l 
transversed across two interfaces although one of the interfaces showed a thick 
coating of tungsten and so imaging was not successfu l. The second interface 
showed a density gradient, defined by a different brightness to the bulk matrix and 
the glass-fibre approximately 200 nm to 300 nm in th ickness , between the vinylester 
and the glass-fibre. Figure 49 shows a TEM image of the poorly-bonded glass fi bre-
reinforced vinylester specimen where the transition can be identified between the 
dark contrast of the glass and then light contrast of the vinylester. The detected 
transition does not appear to be constant across the length of the fibre and there is 
what appears to be a step change in the density along its thickness. Figure 50 
shows a second image at higher magnification showing the same transition . 
Figure 49: TEM image of poorly-bonded glass fibre-reinforced vi nylester showing 
interface of glass (top right hand corner) and vinylester matrix (bottom left hand 
corner) with interphase of roughly 200 nm to 300 nm 
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Figure 50: TEM image of poorly-bonded glass fibre-reinforced vinylester showing 
interface of glass (top right hand corner) and vinylester matrix (bottom left hand 
corner) with interphase of roughly 200 nm to 300 nm 
The TEM images of the glass fibre reinforced vinylester samples show what appears 
to be a gradient of density across the interface which have thicknesses of 
approximately 200 nm to 300 nm for the poorly-bonded sample and less than 50 nm 
for the well-bonded sample . It is possible that the gradient is caused by a change in 
thickness due to different milling rates of glass and vinylester. This is unlikely as the 
tungsten coating over the surface milled evenly across its length and so for the 
images above, the thickness is taken to be constant. 
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3.7 Discussion 
Optical and electron microscopy techniques were used to image the surface of two 
types of polymer composite; glass flake-reinforced and glass fibre-reinforced. 
Optical images of the composite samples were limited in resolution and 
consequently could not resolve the interface to determine the presence of, or 
characterise, any interphase in these samples. SEM images of the polished cross 
sections were of sufficient resolution to show any physical variation at the interface, 
although none was detected. This might possibly be due to the presence of gold 
palladium coating required to prevent electrostatic charging of the surface. Fractured 
surfaces were imaged by SEM and a thin film was observed to be pulling away from 
the poorly-bonded glass fibres (Figure 41 and Figure 42) and 0.28 % aminosilane 
flakes (Figure 40) for the vinylester and polypropylene systems respectively. The 
thin film was observed to be joined to the fibre by individual "chains" in the 0.28 % 
aminosilane glass flake-reinforced polypropylene system. It is unknown whether or 
not the thin film is matrix material, or distinct from the bulk matrix. It is proposed that 
the chains correspond to drawn out chains of sizing agent. SEM images of the 
poorly-bonded glass fibre-reinforced vinylester system also revealed the presence of 
sizing in the form of droplets on the glass fibre. These droplets are similar to that 
described by Okawara et al [12] for an interfacial sizing that has not fully wetted the 
glass fibre (Le. there are areas on the fibre that are not coated with any sizing). It is 
proposed that as the interfacial sizing has been observed after fracture, that it must 
form an interphase distinct from the glass or matrix. TEM images of the glass fibre-
reinforced vinlyester with good interfacial bonding revealed a very short gradient of 
intermediate density at the interface in the region of 50 nm. TEM images of the 
system with poor interfacial bonding revealed a clear gradient of intermediate 
density that spanned approximately 200 nm to 300 nm in width. 
It is not yet known whether or not the sizing takes the form of a distinct interphase 
before failure, and whether or not these properties can be measured in terms of 
mechanical and physical properties. 
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3.8 Concluding comments 
Results from SEM and TEM imaging indicate that there is evidence suggesting the 
presence of an interphase in the glass fibre-reinforced vinlyester composite with 
poor interfacial bonding and the 0.28 % aminosilane glass flake-reinforced 
polypropylene composite. In each case, the interphase is to be in the region of 50 
nm to 300 nm in thickness. Whilst it may be possible to image the physical structure 
of any dissimilar phase (to that of the bulk matrix or glass-reinforcement), TEM and 
SEM cannot be used to measure the mechanical performance of these materials. 
The following chapters detail AFM studies of these composite systems with the aim 
of quantitative mechanical characterisation of the interfacial region. 
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4 Atomic Force Microscopy scanning techniques 
4.1 Introduction 
The previous chapter focused on optical and electron based techniques. This 
chapter seeks to evaluate a nano-scale mechanical test technique, atomic force 
microscopy, used to characterise the interfacial properties of a composite at high 
resolution « 20 nm). The capability of the AFM, in scanning modes, to produce 
surface images of the mechanical and physical properties of an interfacelinterphase 
will be assessed. 
4.2 Experimental methods 
4.2.1 Materials 
In addition to the materials listed in section 3.2.1 Materials, a set of reference 
samples were prepared and measured (by liT) at the National Physical Laboratory 
for comparison with AFM obtained measurements. The details of the Poisson's ratio 
and elastic modulus measurements of each material are provided in Table 7. Unless 
data was available, the Poisson's ration was assumed to be 0.35 for each of the 
polymer reference samples. 
Table 7: Poisson's ratio and elastic modulus of each of the reference samples 
prepared at NPL. 
Material Elastic Modulus (liT) Poisson's Ratio 
Low density polyethylene (LOPE) 0.24 0.35 
Photostress coating 2 (PS3) 0.51 0.42 
High density polyethylene (HOPE) 0.88 0.35 
Acrylonitrile butadiene styrene (ABS) 2.11 0.35 
Polyvinylidene fluoride (PVOF) 2.46 0.35 
Polycarbonate (PC) 2.68 0.35 
Photostress coating 1 (PS 1 ) 2.7 0.38 
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Polyethersulfone (PES) 3.12 0.35 
Polystyrene (PS) 3.24 0.34 
Vinylester (VE) 3.49 0.38 
Photostress coating 8 (PS8) 3.67 0.36 
Poly(methyl methacrylate) PMMA 3.70 0.35 
Fused Silica 72 0.16 
Sapphire 345 0.25 
4.2.2 Sample preparation 
The composite materials and the fused silica and sapphire reference samples 
evaluated in the following work were prepared using mechanical polishing (for the 
composites, the procedure is outlined in section 3.2.2 Sample preparation methods) . 
The (polymer) reference samples were prepared using ultramicrotomy. The principle 
of ultramicrotomy is to use a sharp diamond knife to initiate a brittle fracture through 
a sample and cleave an ultra-thin slice of material away from the surface. 
Ultramicrotomy is traditionally used to prepare an ultra-thin slice « 150 nm) for TEM 
due to the high precision and low surface roughness that is produced . The 
ultramicrotome was used to prepare a block face of material (ultra-thin slices were 
not retained) to use as reference for nanomechanical test methods. Figure 51 shows 
a photograph of a block face prepared by ultramicrotomy . 
Material pre-cut using ---i----..,....:.-.:,.  
a steel razor blade 
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Figure 51: Photograph of an Ultramicrotome prepared polymeric reference material 
(PS8). 
The polymeric reference samples were prepared using a Leica EM Fe? cryo-
ultramicrotome (Leica Microsystems, Wetzlar, Germany). Samples were firstly 
prepared using steel razor blades to produce a small block face « 0.25 mm wide) 
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that could be sectioned using the ultramicrotome. The final section, leaving the flat 
block face used for study was achieved using 35° diatome diamond knives operated 
at a range between -40°C and -140°C. 
4.2.3 Equipment 
The results contained within this chapter relate to AFM scanning experiments 
obtained using a calibrated Park Scientific AutoProbe M5 (Park Scientific, now 
Bruker AXS, Wisconsin, USA). Table 8 provides a summary of the AFM probes 
used within this chapter. The AFM probes were mounted using cyanoacrylate 
adhesive onto non-conducting thermoset chip carriers designed for the M5 
instrument (see Figure 52). The results contained within this chapter refer to the 
following AFM modes of operation; contact (C-AFM), lateral force AFM (LFM), force 
modulation (FMM) and atomic force acoustic microscopy (AF-AM). 
Table 8: AFM probes used in scanning modes 
Nominal Nominal Nominal 
Supplier spring resonant tip radius AFM probe 
constant frequency 
(Nm-1) (kHz) (nm) 
MikroMasch 
NSC11 
3 60 20 (MikroMasch, Tallinn, (FMM) 
Estonia) 
Modified 
Berkovich 
Custom modified at 
diamond tip -
the National Physical 173 50 50 
stainless steel 
cantilever (C-AFM Laboratory 
and LFM) 
NanoWorld 
Arrow FM (AF-AM) (NanoWorld AG, 1.76 60 10 
Neuchatel, 
Switze rland) 
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Alignment holes to 
the chip carrier on 
the AFM Chip 
() 
AFM chip 
AFM probe 
Figure 52: Schematic diagram and photograph of the chip carrier used to hold the 
AFM chip containing an AFM probe. 
4.2.4 Calibration of the tip-surface force measurement 
Figure 53 shows a schematic of the detection system used to measure movement of 
the cantilever during indentation. For each mode of operation , the laser was first 
reflected off the end of the cantilever and then focused onto the centre of the 
photosensitive diode array (PSD) until the total measured voltage was at a 
maximum. By maximising the voltage in this way the measurement sensitivity to 
cantilever deflection was also maximised . The voltage difference between the 
diodes A and B relates principally to bending of the cantilever (normal force at the 
tip) while the difference between diodes C and 0 relates principally to the torsion of 
the cantilever (lateral force at the tip). 
A 
c 
Photosensitive 
Diodes A-D 
Laser source 
Figure 53 : Schematic diagram of the cantilever deflection detector 
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The PSD was then calibrated by measuring a force-displacement curve on single 
crystal sapphire or tungsten carbide. By pushing the tip onto very stiff surfaces 
(relative to the cantilever stiffness) it is possible to assume that there is no 
indentation of the surface, and the cantilever deflection is equ ivalent to the 
displacement of the piezo actuator. The voltage change that is measured by the 
PSD can then be converted to a cantilever deflection. The applied force was then 
calculated from the cantilever deflection and spring constant (where the canti lever 
spring constant was taken to be equivalent to the normal spri ng constant for the 
following measurements). This method is represented in Figure 54 by a three-step 
process. 
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cantilever spring constant. 
k) F = dk 
Figure 54: Three step process used to calibrate the force applied by the AFM 
cantilever. 
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4.2.5 Operation procedure for contact mode AFM 
For C-AFM, no further calibration was performed as the X, Y and Z actuators had 
been calibrated (voltage to displacement) in previous experiments using 
MikroMasch (MikroMasch, Tallinn, Estonia) TGX lateral calibration and TGZ vertical 
calibration test structures. The feedback gain, scan speed and setpoint (calculated 
force that is kept constant by means of a feedback loop) were optimised (iteratively) 
in the following way: 
• The feedback gain was optimised in order to improve contrast whilst reducing 
from the image. This was reduced until the scan traces in both directions are on 
the limit of not matching. 
• The applied force (also known as the setpoint) was reduced as far as possible 
whilst ensuring that the tip remain in contact with the surface. 
• The scan speed was increased as high as possible whilst ensuring the tip tracks 
the surface without skipping over voids or crashing into features. 
For lateral force images performed in C-AFM mode, the raw C-O Signal was used 
(see Figure 53) which corresponds to the torsion of the AFM cantilever. 
4.2.6 Operation procedure for force modulation AFM 
For FMM, the C-AFM scan was stopped with the tip in contact with the surface at 
the optimised setpoint. The cantilever was then oscillated (whilst maintaining tip-
surface contact) using the piezoelectric actuator (shown in Figure 55) from 0 Hz 
through to 600 kHz (a frequency sweep). The oscillation frequency used for the 
experiments (the drive frequency) was then selected where both the measured 
phase and amplitude changed rapidly to maximise the potential contrast between 
material phases during scanning. 
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Figure 55: Schematic diagram of the C-AFM mode setup for the Autoprobe M5 AFM. 
4.2.7 Operation procedure for Atomic Force -Acoustic 
Microscopy 
For Atomic Force -Acoustic Microscopy (AF-AM) , the AFM was setup for C-AFM 
with the following additions; an actuator was placed underneath the sample and a 
31120 signal generator (Agilent, California, USA) and a SR-844 lock-in amplifier 
(Stanford research systems, California, USA) was connected to the signal access 
module on the AFM (see Figure 56). After a C-AFM scan was optimised , the scan 
was stopped with the tip in contact with the surface. The sample was then oscillated 
using a piezo-electric actuator to perform a frequency sweep with the tip in contact 
with each material phase/feature identified previously in the contact scan . A drive 
frequency was then selected where the measured amplitude was different for each 
phase. 
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Figure 56: Schematic diagram of the AF-AM mode setup for the Autoprobe M5 AFM 
4.3 Results 
4.3.1 Introduction 
This section contains the results from AFM scanning experiments of the two glass-
reinforced polymer composites. Firstly, the results of contact mode AFM will be 
presented, followed by FMM and then AF-AM . 
4.3.2 Contact mode (C-AFM) 
The Thermomicroscope M5 AFM was used to investigate the surfaces of the glass 
flake-reinforced polypropylene and the glass fibre-reinforced vinylester in order to 
evaluate the suitability of the polishing procedure for surface analysis . Figure 57 
shows a contact mode scan of the glass fibre-reinforced vinylester sample with the 
following features ; height variation between the vinylester and the glass fibres ; 
evidence of scratching due to the polishing process ; damage to the fibre surfaces; 
and interfacial debonding . The polishing procedure appeared to variable across the 
sample , although it was possible to locate areas with no damage , scratches , 
debonding and minimal height variation for the subsequent AFM investigations . It is 
possible that the polishing compound may stick to the surface between polishing 
stages. This might have then contaminated the next stage with larger particles . To 
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minimise the effect of polishing compound contamination , the following pol ish ing 
stages, an ultrasonic bath treatment (2 minutes in del'on'lsed t) . wa er was Introduced 
between each polishing stage. 
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Figure 57: Contact AFM scan of a glass fibre-reinforced vinylester. NSC11 force 
modulation probe with an applied force of 21 nN . 
During C-AFM scanning, when the tip makes contact with the surface it has both 
vertical and horizontal motion which results in both a normal force on the surface 
and a lateral force on the tip . Figure 58 shows two images, a height profile of the 
poorly-bonded glass fibre-reinforced vinylester (top) and an image of the relative 
change in the lateral force (torsion of the cantilever) measured during scanning . The 
lateral force signal can contain some cross-over with the measured height variat ion . 
To ensure that the lateral force signal is representative of a frict ional force rather 
than a height variation, the signal was checked against a second signal obta ined by 
scanning in the opposite direction. Figure 59 shows the two line scans in both 
directions (left to right and right to left) as well as an average of the two lines (the 
height induced friction). The average of the two lines can be used to identify any 
regions of friction that are due to height variation . The line scans correspond to the 
line drawn across the relative lateral force image in Figure 59. The results show that 
there are noticeable peaks at the interface caused by a height variation . The results 
also suggest that the AFM cantilever deflects (in torsion) more when in contact with 
the glass than with the vinylester wh ich revea ls a higher friction of the glass than the 
vinylester. Perhaps more importantly, the lateral force image demonstrates the fact 
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that the appl ied force in contact may do more damage to the polymer than the glass 
and may therefore obscure or concea l any surface featu res that are representative 
of an interphase (sim ilar to that measured by Gao et al [72]). An alternative to c-
AFM is to use Force Modulation AFM or FMM which provides add itiona l tip-surface 
information , in particular surface stiffness. 
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Figure 58: Topography image of the glass fi bre-reinforced vinylester sample with poor 
. I f 'mage of the glass f ibre-interfacial bonding (above) and relat ive latera orce I 
. . I b d ' (below) Both images were reinforced vinylester sample with poor mterfacla on mg . 
taken using the modified Berkov ich diamond probe with an applied force of 40 .8 nN 
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Figure 59: Relative lateral force against distance for two line scans, one in each 
direction, and an average of the two, the height induced friction . The line scans were 
taken from the marked profile in Figure 58. 
4.3.3 Force Modulation AFM (FMM) 
FMM is a measure of the tip-surface interaction and cannot be resolved into the 
force contributions arising from surface stiffness and adhesion. FMM was therefore 
used to indicate differences in the total contribution of surface mechanical properties 
between the reinforcement and the matrix of both flake and fibre-reinforced 
composites. Three typical FMM scans over the interfacial region of the flake 
reinforced composites are shown in Figure 60. 
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Figure 60: Force modulation scans of the three glass flake-reinforced composites 
showing a difference in the oscillation amplitude between the polypropylene and the 
glass fibre. Force modulation scans were taken using an NSC11 Si3N4 force 
modulation AFM probe tip with a spring constant of 3 Nm-1_ 
The FMM scans in Figure 60 show oscillation amplitude differences between the 
glass and the polypropylene for each composite. In each case the measured 
oscillation amplitude was higher on the glass than the polypropylene and so it would 
be expected that an interphase of intermediate elastic modulus would result in an 
oscillation amplitude between the two extremes. However, no clear interphase 
showing different physical or mechanical properties was detected in any of the three 
glass flake-reinforced composite systems. 
It was not possible to make direct comparison between any of the FMM images in 
Figure 60 due to system changes between scans. Despite attempts to use the same 
frequency and drive amplitude between different samples, the deflections measured 
by the photodiode were not reproducible . An associated difficulty in detecting an 
interphase region was due to unknown changes in the silicon tip geometry over 
time, especially when scanning over hard surfaces such as glass fibre . As the 
surface height profile changes between each sample and the time dependant 
change in tip geometry, minor alterations are required to the oscillation ampl itude, 
error feedback and other control parameters that ensure the tip tracks the su rface 
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with the required force. In order to enable better comparison between samples , 
some estimate of the tip geometry and related changes was requ ired . 
Figure 61 shows a typical scan in C-AFM of porous aluminium that was used to 
generate a first order estimated profile of the tip geometry to check for changes 
before and after each scan. 
27 nm 
-16 nm 
y: 1.00 IJm 
x: 1.00 IJm 
Figure 61: Typical scan of porous aluminium taken using an NSC11 Si3N4 force 
modulation AFM probe tip with a spring constant of 3 Nm·1. 
The porous aluminium is an AFM tip checker reference material that contains peaks 
and craters that are typically sharper than that of an AFM tip apex. If the image is 
dulled then it indicates a tip with a large radius. Estimates of the AFM tip shape may 
be estimated by various tip-reconstruction algorithms. The blind tip estimation 
method, developed in 1997 by Villarrubia [78], is incorporated within Gwyddion 
(Gwyddion, Czech Metrology Institute, Srno, Cz), a data package designed for 
analysing AFM images. The method is designed to simulate the smallest possible tip 
shape that would be able to produce the peaks and troughs in a measured image . 
The principle behind this approach is to assume that the features on an image are 
inverted replicas of the tip itself and that it is not possible for the tip apex to be larger 
than that of the sharpest feature in an image. Iterative calculations are then 
performed for each of the sharp features in the image to build up a representation of 
the smallest tip shape that would fit into , or around the respective features . A blind 
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tip-reconstruction (see Figure 62) was performed using Gwyddion based on the 
image in Figure 61 and assuming an initial tip rad ius of 10 nm Th t' 
. e Ip geometry 
estimated here shows the first 27 nm of a conical tip with a 7.5 nm radius. The 
disadvantage with using porous aluminium for producing a bl ind ti p reconstruct ion 
image is that there are no deep trenches that allow for any estimation beyond the 
immediate tip apex. 
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Figure 62: Estimation of tip geometry based on porous aluminium scan for a NSC11 
Si3N4 force modulation AFM probe tip with a spring constant of 3 Nm·1. 
An alternative calibration grating for dimensionalising the tip beyond the immediate 
tip apex is to use a reference sample such as the TGT01 cal ibration sample 
produced by Micromasch. This is a surface with strict geometry of inverted tips 
arranged in a grid. Performing a scan over this surface is intended to produce an 
inverted image of the AFM tip being tested and can reveal surface contamination , tip 
damage and the tip radius . This method is used in following chapters for identifying 
damage and tip changes in AFM probes with larger radi i. Whilst quantification of 
FMM images is complex and impractical for rough surfaces, knowledge of the tip 
geometry is important when attempting to understand the potential artefacts with in 
images when performing data analysis . 
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As described previously by Li [44] and in section 2.5 .3, there are two main artefacts 
of FMM images, wedge cavity and tip slip effects. These artefacts were observed 
occasionally in the FMM images and knowledge of the tip geometry was required to 
prevent biased data interpretation. The wedge cavity effect can be seen in Figure 64 
and the corresponding topographic image in Figure 63. 
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Figure 63 Topographic image of flake (left) in polypropylene matrix (right) w ith wedge 
between the two material phases 
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Figure 64: Force modulation amplitude map showing peak in ampl itude in the locat ion 
of the wedge cavity seen in Figure 63 
A possible explanation for wedge cavity effect is given by Li [44], although it is in 
practice very difficult to differentiate between wedge cavity and tip -slip . The 
interphase investigation has been carri ed out taking note of any possible artefacts 
and will be discussed where appropriate. 
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The primary aim of the FMM investigation was to detect any interphase with 
mechanical properties different to that of the glass or bulk matrix. On inspection of 
the topography followed by investigation of the force modulation and phase maps it 
was found that the glass fibre-reinforced vinylester composite with good interfacial 
bonding did not have any interphase or transition in the measured properties, as a 
sharp interface was measured. Conversely, the glass fibre-reinforced vinylester 
composite with poor interfacial bonding appeared to have some transition between 
the glass and the vinylester. This region, or potential interphase, is represented in 
other FMM images of the poorly-bonded system. Figure 66 shows the topography 
and Figure 68 shows the phase images of the poorly-bonded composite in which the 
same transition region of different properties at the interface can be identified. 
Figure 67 shows the corresponding force modulation image for the poor interface 
with short peaks in the amplitude over the transition region. The force modulation 
image shows contrast inversion, where the measured amplitude is lower on harder 
surfaces and higher on softer surfaces. As noted in the work by Li [44] in section 
2.5.3, contrast inversion occurs when the measured force modulation amplitude is 
unexpectedly lower for a stiffer surface than for a more compliant surface. It was 
also noted that a reduction in amplitude on stiffer surfaces may be measured when 
the phase is large and the actual oscillation frequency is no longer near the tip-
surface resonant frequency. 
Figure 68 shows a line profile across the phase image (from Figure 66), which 
indicates that the measured transition (identified by a peak in the phase) 
corresponds to a slope in the height profile between the vinylester and the glass 
fibre. This highlights one of the potential issues, that the FMM and phase are not 
independent of the topography and the tip-surface contact area. 
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Figure 65: Topography image of the poorly-bonded glass fibre-reinforced vinylester 
sample. 
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Figure 66: Phase images of the poorly-bonded glass fibre-reinforced vinylester 
sample. 
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Figure 67: FMM amplitude image of the poor interface showing a short band around 
the interface and contrast inversion . 
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Figure 68: Single line profile across the interface of the glass fibre-reinforced 
vinylester composite with poor interfacial bonding. 
It is possible that the measured transition is caused by the AFM losing contact with 
the surface and jumping off the glass and onto the vinylester. To reveal whether or 
not the measured transition is actually a measurement artefact or a function of the 
surface properties, a different scan direction was used and a higher resolution scan 
was performed. Figure 69 shows a small scale (1 )lm x 1 )lm) phase image map of 
the poor interface. Figure 70 shows a corresponding line profile of the height, phase 
and force modulation amplitude. There is a peak in the phase image between the 
bulk vinylester and the glass over approximately 200 nm that appears to be 
independent to any changes in height (whilst there is a change in height, it is 
constant over three times the width of the phase peak). The line profile indicates that 
the transition detected by the phase was not related to the height variation , and 
therefore may be representative of a material property change. 
104 
0.00 I-lm 050 
000 
-2 7 V 
- 30 
- 32 
- 3.4 
0.50 -3.6 
- 3.8 
- 40 
- 42 
- 4.4 
Figure 69: FMM phase image of the poor interface over 1 ~m x 1 ~m . Marked in the 
image is the location of a line analysis. 
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Figure 70: Line profile of the FMM height and phase change over the poor interface. 
The results of surface imaging have shown that in addition to the challenges In 
quantification, it is possible to completely invert the contrast, which places In 
question the relationship between measured amplitude and surface stiffness. The 
prinCiple limitation of FMM is that it that the tip-surface interaction is affected by the 
surface stiffness, adhesion , viscoelasticity, drive frequency , changes in the tip 
radius , sample height and many other parameters . It was therefore concluded that 
quantification of FMM is difficult at best and is not practical for an industrial test 
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method where repeatability is important. An alternative to FMM is to use AF-AM 
, 
which has been proven to be quantitative on ceramic and hard metal coatings [48] . 
4.3.4 Atomic force acoustic microscopy (AF-AM) 
AF-AM is essentially a modified FMM technique that operates at a higher frequency. 
Rather than the cantilever being driven by the piezoelectric actuator, the sample is 
oscillated and the measured tip-surface resonant frequency can be measured by the 
cantilever deflection. The M5 AFM was used in AF-AM mode to scan the interface 
region of the glass fibre-reinforced vinlyester sample with poor interfacial bond ing . 
Prior to AF-AM mode, the surface was scanned in C-AFM to locate the fibre-matrix 
interface. The AFM tip was then pressed against the vinylester with a force of 60 nN 
and the frequency response of the cantilever was measured. A peak in the 
cantilever oscillation amplitude at 308 kHz was measured which corresponds to the 
natural frequency of the cantilever when in contact with vinylester. The AFM tip was 
then pressed against the glass fibre and a resonant frequency of approximately 334 
kHz was measured . Figure 71 shows the two resonant peaks measured on the 
glass and the vinylester in AF-AM mode. Note that at the drive frequency, glass fibre 
will appear brighter than the vinylester matrix. 
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Figure 71: Cantilever oscillation amplitude against the frequency in AF -AM mode for a 
tip contact with the glass and vinylester. 
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The sample was then oscillated at 324 kHz (see Figure 71) and the tip was scanned 
over an area covering 5 !-1 m x 5 !-1m across the interface. It was expected at this 
frequency, the measured amplitude would be higher for the glass than for the 
vinylester. Figure 72 shows an image of the topography within which the glass-
vinylester interface is identified. There is a step change in height between the two 
materials (glass is higher than the vinylester). Figure 73 shows an AF-AM amplitude 
image over the same area where the oscillation amplitude is large on the glass 
(labelled A) and very small on the matrix. There is also a thin band around the glass 
where the oscillation amplitude is somewhere between that of the glass or 
vinylester. Also detected in the amplitude image is the presence of a second fibre 
(labelled 8), which was not obvious from the topography image. This also shows a 
slight band of intermediate amplitude around the fibre, although this is smaller than 
that detected for glass fibre A. 
This relationship between oscillation amplitude and frequency is similar to the effect 
detected in FMM, and in principle could be seen as a high frequency FMM method. 
Figure 71 shows a graph of the cantilever oscillation amplitude against the 
frequency measured on the glass and the vinylester. AF-AM measurements were 
performed on the glass fibre-reinforced vinylester sample in an attempt to produce a 
method for quantifying (in terms of elastic modulus) the surface properties. Several 
issues were met when attempting to calculate the elastic modulus variation and one 
of these was contrast inversion. Figure 74 and Figure 75 show the topography and 
amplitude images taken using the same AFM probe at a lower drive frequency of 
304 kHz (see Figure 76). No real changes are noted between the topography 
images in Figure 72 and Figure 74 although the contrast has inverted in the 
amplitude in Figure 75. This is primarily due to the change in the selected drive 
frequency, where the measured amplitude is lower for the glass than for the 
vinylester. 
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Figure 72: AF-AM topography image of the poorly-bonded glass fibre-reinforced 
vinylester composite. 
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Figure 73: AF-AM amplitude image of the poorly-bonded glass fibre-reinforced 
vinylester composite. 
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Figure 74: AF-AM topography image of the poorly-bonded glass fibre-re inforced 
vinylester composite. 
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Figure 75: AF-AM ampl itude image of the poorly-bonded glass fibre-re inforced 
vinylester composite. 
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Figure 76: Cantilever oscillation amplitude as a function of frequency in AF-AM mode 
for a tip contact with the glass fibre and vinylester matrix. 
The AF-AM amplitude images in both Figure 73 and Figure 75 show a thin band 
(roughly 200 nm) at the interface where distinctly different amplitude is measured 
from that of the bulk vinylester matrix or bulk glass fibre. This is similar to the 
transition observed in the FMM images. For this reason , AF-AM and FMM are 
suitable methods to characterise the interfacial properties where only relative 
differences in the physical or mechanical surface properties need to be known. 
4.4 Concluding Comments 
Composite cross-section samples were prepared for AFM analysis by C-AFM (with 
LFM), FMM and AF-AM. Results in each scanning mode show a height variation 
between the glass fibre-reinforcement and the vinylester matrix and the presence, in 
some images, of a thin band of different amplitude response at the interface. No 
clear interphase was detected for any of the flake-reinforced polypropylene systems 
in terms of physical properties , although there was a repeated transition of 
intermediate amplitude (or phase) response between the glass and vinylester for the 
poorly-bonded interface. Comparisons of the topography and the amplitude (or 
phase) response show no correlation , which indicates that the detected interphase 
was not a measurement artefact. However, the tip geometry was not characterised 
in all cases , and it is possible that some interaction (i .e. contact between the tip and 
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both glass and matrix at the same time) took place which resulted in intermediate 
amplitude measurements. 
The difficulties in analysis lead to a number of problems that need to be solved 
before any substantive conclusions can be drawn or any method produced. There is 
some ambiguity about whether or not the amplitude of oscillation or the phase shift 
is a more useful method of interphase detection. AFM scanning techniques such as 
FMM and AF-AM may have the potential to be quantified, although only in relative 
terms based on point measurements in the same vicinity. An alternative AFM 
method is, rather than scanning the surface, to probe the surface at specific 
locations and record the full tip-surface interaction. This method is known as force-
displacement and is typically used to measure the surface forces. When the AFM is 
fully calibrated, it is possible to quantify the measurement in terms of applied stress 
and strain and the technique can be referred to as AFM indentation. In order that the 
measurements resemble real surface properties, AFM indentation has been 
investigated in conjunction with instrumented nano-indentation. 
The AFM is capable, in scanning modes, to quickly assess a short region spanning 
an interface in terms of the physical and mechanical variation. FMM and AF-AM 
results show that the glass fibre-reinforced vinylester may have a measureable 
interphase region (approximately 200 nm in thickness). Supporting work from optical 
and electron microscopies (see chapter 3) also show the presence of potential 
interphase material in the same system. 
Although the results of AFM scanning may be combined with some form of 
quantification (point measurements at various locations over the scan area), they 
are qualitative methods. The following chapter aims to describe the initial study into 
quantitative nanomechanical techniques that may be more suited to characterisation 
of the interfacial mechanical properties. 
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5 Force-displacement 
indentation techniques 
5. 1 Introduction 
AFM and Nano-scale 
The previous chapter evaluated AFM-scanning techniques as a means of physically 
characterising glass-polymer interfaces. It was shown that in a number of the 
measured systems there is what appears to be an interphase. In order to evaluate 
how this may affect the mechanical properties (i.e. strength/stiffness, residual 
stresses and material degradation) there is a need for quantitative measurements at 
the same, or similar, scale as AFM-scanning. Two techniques are presented, AFM 
in force-displacement mode and instrumented nano-indentation (liT). The 
capabilities of force-displacement AFM will be discussed in order to define any 
improvements or research any quantification of the technique that may be required. 
Results of indentation across the interface will be presented and conclusions drawn. 
5.2 Experimental methods 
5.2.1 Equipment and procedures for force-displacement AFM 
The Park Scientific AutoProbe M5 (Park Scientific, now Bruker AXS, Wisconsin, 
USA) AFM was used for all force-displacement curves reported within this chapter. 
A single AFM probe was used in this study, a modified Berkovich diamond tip 
attached to a 173 N m-3 spring stiffness cantilever. All force-displacement curves 
were performed at a loading rate of 0.6 J.lm S-1 and limited by a maximum 
displacement (150 nm). The experimental procedure was as follows: 
• The AFM was first set up for C-AFM using the methodology outlined in section 
4.2 within this thesis and a topographic map of a glass-matrix interface was 
measured. This map was used to plot the locations of sixteen indentations in a 
• 
line across the glass-polymer interface. 
Force-displacement measurements were then performed (automated by the 
Autoprobe M5 control software) and the data for each force curve exported 
individually to Microsoft Excel (Microsoft Corporation, Washington USA). 
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For the force-displacement curves in th is chapter the meas d 
, ure parameters are the 
force (calculated from the voltage change recorded on the PSD) and the 
displacement of the piezoelectric actuator Figure 77 shows a sh t' d' 
. c ema IC lagram of 
the experimental setup and any parameters that may be referred to with in the 
results contained in this chapter. 
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Figure 77: Schematic diagram of the force-displacement mode setup for the 
Autoprobe M5 AFM. 
Figure 78 shows an example of two force-displacement curves measured on glass 
and vinylester (the displacement corresponds to the movement of the z-
piezoelectric actuator and not the sample deformation). The first point of contact 
was set as the first data point which was above 0.1 % of the maximum indenta ti on 
force. This allowed for any measurement noise, wh ich would otherwise trigger a 
false contact. Please note that the force-displacement curves have not been centred 
to represent the zero force position , as this does not affect the grad ient of the curve . 
The gradient was calculated from a linear fit of the entire approach curve with 
residuals (R2 values) typically above 0.995. 
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Figure 78: Example force displacement curves measured on glass and vinylester. 
5.2.2 Equipment and procedures for liT 
Three instrumented nano-indenters were used to perform the various indentations 
within this chapter. The first is a Hysitron three plate capacitive-sensing Triboscope 
Nanoindenter (Hysitron, USA) which was mounted onto an AFM stage to allow the 
form of surface scanning similar to that in AFM. For surface scanning , a load of 50 
nN was applied between the Berkovich shaped diamond tip and the surface. For 
nanoindentations a 40 ~m x 40 ~m area of the surface was first scanned and then a 
set of five indentations planned on the polymer and on the glass. Each indentation 
measurement was performed with a maximum load of 50 ~N and at a loading rate of 
2.5 ~N S·1 , a hold period of 10 seconds and finally an unload rate of 2.5 ~N S·1. 
Elastic modulus measurements were calculated from the nano-indentation curves 
using the methodology outlined within the literature review (section 2.4) . For the 
indentations within this chapter, the gradient of the unload curve used for calculating 
the stiffness was using a linear fit attached to the first 10 % of the un load ing curve . 
The second instrumented nano-indenter was a NanoTest II instrumented indentation 
platform (Micro Materials Ltd). An optical microscope was used in conjunction with 
an X-Y motorized platform to plan the locations of each indentation on the sample . 
The third instrumented nano-indenter was an MTS Nano Indenter instrument (MTS . 
Oak Ridge , Tennessee, USA) with a Berkovich indenter. The indenter instrument 
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was used in continuous stiffness mode, which is suited for materials exhibiting 
viscoelastic behaviour [28]. For these experiments, the oscillation frequency was set 
to 40 Hz with a force amplitude of 3 ~N. A set of reference samples (with modulus 
values measured for comparison by liT) was used to calibrate the AFM. These 
reference samples included sapphire, fused silica, a polymeric photo-stress coating 
(denoted PS-1), ABS resin and PMMA. 
5.3 Results 
5.3.1 Force-Displacement 
A series of force-displacement curves with varying maximum displacement were 
performed on the surface of the glass fibre-reinforced vinylester composite with poor 
interfacial bonding. C-AFM mode topographic images revealed that the force-
displacement curves left residual imprints in the surface when large displacements 
were applied on the sample surface. Figure 79 shows a C-AFM scan of the 
composite surface after indentation over the interface. Two features should be 
noted; variation in the size of residual imprints between the glass and vinylester, and 
pile-up around large indentations. The presence of residual imprints means that the 
force-displacement curve has resulted in significant plastic deformation which 
complicates the analysis of elastic properties. Residual imprints could no longer be 
observed for the indentations where only small displacements were applied « 50 
nm). 
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Figure 79: C-AFM topography image of the glass fibre-reinforced vinylester sample 
with poor interfacial bonding . Imaging was performed with an applied force of 10 nN . 
Figure 80 shows the calculated stiffnesses from a series of sixteen indentations (with 
a maximum displacement of 50 nm) that were performed in a line over a glass-
vinylester interface on the same sample. The measured stiffness of the force-
displacement curves on vinylester (::::: 80 N m-1) is around half that on the glass (::::: 
150 N m-1) . A serious limitation of calculating surface properties from force-
displacement curves in this way is that the sample stiffness has not been separated 
from the measured tip-sample stiffness. The sample stiffness may be calculated 
from the measured stiffness by accounting for the compliance (or inverse stiffness) 
of the system, which is normally measured by performing force curves on a hard 
substrate [26] . This is shown in the following equation . 
I I 1 
- =-+- (18) 
Sill Sj S5 
Where Sm is the measured stiffness, Sj is the stiffness of the instrument and Ss is the 
stiffness of the sample. 
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Figure 80: Bar graph showing the measured stiffnesses of the vinylester and glass 
from the glass fibre-reinforced vinylester composite. 
Figure 81 shows the sample stiffness calculated for each of the sixteen indentations . 
The results show that the glass is approximately ten times stiffer than that of the 
vinylester. When the elastic modulus of these materials is considered 
(approximately 70 GPa for glass and 2.5 GPa for vinylester) the measured stiffness 
is reasonable . However, the variability in the measured stiffness has also been 
multiplied by the compliance calculation (i .e. indentation 15). This results in a larger 
error when measureing the glass than when measuring the vinylester. The resu lts 
imply that to reduce error when measuring the sample stiffness (and calculation of 
the elastic modulus) , the cantilever stiffness must be higher than that of the region 
being measured . 
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Figure 81: Bar graph showing the sample stiffnesses calculated for the vinylester 
matrix (Indents 1 to 12) and glass fibre (Indents 13 to 16). 
The results in Figure 81 refer to each indentation by number and do not directly 
address the location of each indentation in respect to the position of the interface. 
This practice can be identified in literature [2] and leads the researcher to assume 
the location of the interface from the measured stiffness/properties. This may not be 
an accurate indication of the true position of each indentations and could give 
misleading information regarding the presence and dimensions of an interphase. In 
order that future interphase investigations avoid this , the resolution (indentation 
separation and contact area size) and location of each indentation should be known 
or measured. 
In order to establish the suitability of a given AFM probe , indentations were 
performed over a range of samples and , if the measured stiffness was the same as 
the cantilever stiffness it was assumed that no indentation had occurred . A number , 
of cantilever and tip combinations were investigated and are summarised in Table 9. 
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Table 9: Tip and Cantilever Combinations Investigated for AFM Indentation of Polymer 
Composites. 
AFM tip type Tip Radius (nm) Cantilever Stiffest Measurable 
Stiffness (N/m) Sample 
Berkovich indenter <100 176 Fused Silica 
Silica Sphere 300 32 PMMA 
Silicon Nitride 20 62 Fused silica 
Silicon Nitride 200 62 PMMA 
Cube Corner Diamond < 50 276 Fused Silica 
Sharp Diamond 
20 200 Fused Silica 
probes 
The data in Table 9 indicates that careful selection of the AFM probe is required 
when attempting AFM indentation of a composite material as a cantilever of 
insufficient stiffness will result in a lower than expected measured stiffness and 
calculated elastic modulus. Another key consideration of AFM probe selection is its 
sensitivity to minor changes in surface stiffness. An ABS-PMMA reference sample 
was designed to demonstrate whether or not the cantilever and tip combination 
could detect variations of 1 GPa over an interface. 
The AFM probe sensitivity was determined by indenting 16 times over an area on 
the reference sample ABS-PMMA and fused silica to determine the saturation point 
and sensitivity to sample stiffness changes. When saturation occurred, it was 
expected that the measured stiffness would be the same as that measured for the 
tungsten carbide (as the cantilever is not stiff enough to indent either sample 
surface). A sensitive cantilever was able to determine differences in stiffness 
between the ABS and PMMA as shown in Figure 82 for the Berkovich indenter. 
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Figure 82: Stiffness maps of ABS-PMMA. ABS is the more compliant material (left) and 
PMMA is the less compliant material (right) 
5.3.2 Instrumented nano-indentation 
The Hysitron nano-indenter was used to perform a 40 )J.m scan in contact mode over 
each of the two (one poorly-bonded and one well-bonded) glass fibre-reinforced 
vinylester composites. Figure 83 shows one of the nano-indenter topographic 
images of the surface of the composite with good interfacial bonding before 
indentation on the glass and vinylester. 
The average reduced elastic moduli , and standard errors of the mean (from 5 
indentations) measured on each material are presented in Figure 84. The reduced 
elastic moduli of the glass fibres were between 60 GPa and 70 GPa , which was 
expected , given that the elastic modulus of fused silica is 72 GPa. In contrast , the 
measured reduced elastic moduli of each of the polymers (vinylester and 2.5 GPa 
reference) were more than twice the expected value. It is possible that the proximity 
of the glass fibres restricted the indentations, which resulted in higher than expected 
elastic modulus measurements. However, the large measurement of around 5 GPa 
for the 2.5 GPa reference sample suggests that either the test method was not 
appropriate for polymers or that an alternative test method for li T could be used . It 
has been reported that continuous stiffness mode is the most suitable liT method for 
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polymeric materials wh ich show rate dependant elastic behaviour (viscoelasticity) 
[28] . This continuing stiffness mode was subsequently evaluated using the MTS 
nano indenter instrument. 
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Figure 83: Topography (height) image of a glass fibre reinforced vinylester surface 
taken in contact mode using a Berkovich diamond tip in the Hys itron indenting unit 
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Figure 84: Reduced elastic modulus values for the glass fibres and vinylester matrix 
of the well-bonded sample, G, and the poorly-bonded sample H. Also shown is the 
measured reduced elastic modulus of the 2.5 GPa sample. Error bars shown are 
standard errors of the mean 
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Figure 85 shows the reduced elastic modulus results obtained using the an MTS 
Nano Indenter instrument in continuing stiffness mode. For each of the 
measurements, the residual imprint (as shown in Figure 86) enabled the location of 
the 15 indentations with respect to the location of the reinforcement to be identified. 
Indentations 7, 8,11 and 14 overlapped the matrix/fibre interface and the associated 
moduli results were between those measured for the centre of the glass flake 
(around 60 GPa, based on indentations 10 and 12) and the polypropylene (2.7 GPa 
to 4.4 GPa, based on indentations 2 to 6). 
It can be seen that a number of the reduced elastic modulus measurements of the 
matrix was somewhat higher than expected for bulk polypropylene (expected to be 
between 1.5 GPa and 2 GPa). This could be a consequence of the length-scale of 
the test measurement. The liT technique samples a small volume of material, and 
the measured properties may be representative of the tested polymers at the small 
length-scale rather than that of the bulk material properties. However, from the 
location of the indentations it can be observed that the larger of the reduced elastic 
moduli values for the matrix correlated with indentations very close to the edge of 
the glass flake. This apparently high elastic modulus (which was also measured for 
the vinylester in the glass fibre-reinforced composites) may be a consequence of 
local residual stresses around the reinforcement preventing the polymer from 
deforming (restricting the indentation). This is supported by the work by Gao et al 
[72] and Munz et al [73] who suggested that to avoid local restriction of the 
indentations, a separation of two to three times the contact radius must be used 
away from any reinforcing phase. Figure 85 also shows that modulus measurements 
near the edge of the flake (e.g. 42 GPa for indentation 15) are lower than those in 
the centre of the flake. This may indicate that the glass flake was at an angle sub-
surface (flakes are of random geometry and dispersion) giving rise to a locally 
higher compliance at the flake edge. 
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Figure 85: liT measurements of the glass flake-reinforced polypropylene composite 
Figure 86: Optical image of each residual indentation with respect to the glass flakes 
and polypropylene 
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5.4 Discussion 
Within this chapter, force-displacement measurements were performed over the 
interface of the glass fibre-reinforced vinylester sample. It was expected that the 
AFM indentations might show an increase in the measured stiffness over an 
interphase region between the bulk matrix and the reinforcement interface. What 
was identified was that the stiffness remained relatively constant towards the 
reinforcement and there was no apparent increase that might resemble an 
interphase. Elastic moduli measurements using liT around the glass fibres indicated 
that the vinylester had an elastic modulus of around 10 GPa for both the well-
bonded and poorly-bonded system. This differs from the expected modulus of 
vinylester (measured to be 3.49 GPa for the bulk material, Table 7) which suggests 
that the indentation method may not be optimised for polymers. Alternatively, it is 
possible that the close packing of fibres (see Figure 83) might have led to localised 
restriction of the indentation or high residual strains in the surrounding vinylester. liT 
results of the glass flake-reinforced polypropylene samples showed an improved 
measurement of the elastic modulus for polypropylene indicating that the continuous 
stiffness liT technique was more suitable for softer materials than the single load/ 
unload technique. It is also possible that as few glass flakes were observed within 
the optical image, there might be lower residual strains surrounding the flakes. 
However, indentations in the immediate vicinity of the flakes did appear to show 
apparent increases in the elastic modulus (compared to the bulk polypropylene) 
although these were primarily due to contact between the indenter and the glass 
flake. What is apparent from these results is that in order to evaluate any interphase 
material surrounding a glass flake or fibre, the technique needs to be quantitative (in 
order to make comparisons with other materials) and either the location of the 
indentation should be known, or the number of indentations should be sufficiently 
high enough, that multiple measurements are made within any interphase and the 
bulk polymer. 
The resolution of the liT technique may be improved by a reduction of the applied 
force, although there is a minimum load that may be detected by the systems 
investigated within this work. It is considered that for the purposes of characterising 
interfaces and interphase in composite materials, liT is most suited to the calibration 
of reference samples and the measurement of materials for comparison with force-
displacement data. 
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The results in this section indicate that force-displacement has the capability of 
measuring relative stiffness variation, although further development is required to 
produce a methodology for quantitative measurement of the interphase. Two phase 
samples were manufactured to ensure that any measurement was capable of 
identifying minor changes in elastic modulus. Current off-the-shelf software for the 
analysis of force-displacement data is limited, and often requires each curve to be 
exported to an alternative data package (Le. Microsoft Excel) in order to calculate 
the properties identified. Another development is that it is possible to increase the 
number of indentations and form an array of indents. This is known as force-volume 
mapping and is a relatively new feature of AFM control software. In order that this 
technique could be applied to composite interfaces, the developed macro for 
analysing the sixteen indentations needed to be extended to analyse large numbers 
of force curves, and the technique has been explored in the following chapter. In 
addition, suitable models for calculating the tip-surface contact need to be evaluated 
to find the most reproducible and accurate method of calculating the elastic modulus 
from the force-displacement curves. 
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5.5 Concluding comments 
Force-displacement AFM has been investigated and it is concluded that it is the 
most promising technique for the analysis of interfaces and interphases. The results 
showed that relative stiffness differences may be measured between the glass and 
vinylester, and with calibration it is possible to extract sample stiffnesses. The 
following limitations are however, to be noted: 
• Calibration of the AFM and the AFM probe parameters is required for force-
displacement measurements to be quantified in terms of sample stiffness or 
sample elastic moduli. 
• All data analysis must be performed off-line and is time consuming. 
• If elastic contact is to be maintained, the applied force must be kept very low 
to prevent any plastic deformation. 
• Force-displacement curves with low load may not leave a residual imprint, 
which will prevent the location of the indentation to be determined after the 
experiment. 
• The resolution is limited by the two key factors, both of which may affect the 
error when characterising the interface; 
o the maximum number of force-curves that may be performed and 
analysed (this is required for good statistical analysis and is limited by 
the software capability and stability) and, 
o the contact area and spacing of measurements (small contacts and 
tight packing of measurements is required for identifying small 
features at the interface) 
A method for the quantification of force-displacement curves (AFM indentation) is 
presented in the following chapter. 
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6 Quantification of force-displacement AFM for the 
elastic modulus characterisation of interfaces 
6.1 Introduction 
The previous chapter described a semi-quantitative technique, force-displacement 
AFM, which was capable of measuring surface stiffness properties across a 
composite interface. The technique is promising for the characterisation of 
composite interfaces independent of the reinforcement type and geometry. 
However, further development is required to quantify the stiffness properties in 
terms of elastic moduli. In this chapter, force-displacement AFM has been calibrated 
to produce an AFM indentation method. The method has been used to measure 
elastic modulus variation across the interface of various glass-reinforced polymer 
systems and a lead-free copper-solder joint. The elastic modulus of each system, 
and the measurements of the interface/interphase, are discussed and conclusions 
drawn. 
6.2 Experimental methods 
6.2.1 Introduction 
The experimental procedure used for AFM indentation was the same for all the 
results contained within this chapter. Firstly, the materials and equipment are 
described followed by the operation and data-analysiS procedures that were used to 
quantify force-displacement AFM and calculate the elastic moduli values. 
6.2.2 Materials 
In addition to the materials listed in section 3.2.1, a third system, a lead free copper-
solder joint, was evaluated. The lead free copper-solder joint was provided by 
Davide Oi Mao (National Physical Laboratory) and consisted of three phases; an 
electrodeposited copper substrate, a 2 IJm thick copper-tin intermetallic and the tin 
solder. The joint was cross-sectioned and mechanically polished using a similar 
method as for the glass-polymer interface specimens (with shorter time durations 
and a final finish using 0.4 IJm silica polishing compound). 
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6.2.3 Equipment 
A Park XE-100 (Parks Systems, Suwon, KR) was used for the AFM indentation 
experiments with a sharp diamond tip with a 20.5 nm radius mounted on a 200 N m-
1 sapphire cantilever (calibrated by Microstar [79]), manufactured by MicroStar 
(Huntsville, USA). The SEM was used to measure the geometry of the AFM 
cantilever to confirm, using Euler-Bernoulli beam theory [62], [65], the Microstar-
calibrated spring constant. The dimensions of the AFM probe are given in Table 10; 
the calculated stiffness of the beam is 214 N m-1, which was in reasonable 
agreement with the value from the supplier of 200 N m-1. 
k Ewt 3 (380GPa)(49.6,um)(16,um)3 2 -\ 
= 4L3 - 4(448,um) 3 = 14(Nm ) (19) 
Table 10: SEM measured parameters for the Microstar AFM probe 
Length (JJm) Width Thickness Cantilever spring (JJm) (~m) constant (Nm-1) 
Mean (± the 
standard 448.0 ± 13.9 49.6 ± 1.7 16 ± 0.21 214 
deviation) 
Figure 87 shows one of the SEM images used to measure the cantilever thickness 
and Figure 88 shows one of the SEM images used to measure the cantilever width. 
Measurement of the dimensions was limited by any rotation of the cantilever and the 
morphology of the surface. To overcome this, the cantilever was mounted at the 
angle used for AFM indentation in order to ensure the measured parameters 
reflected the width, thickness and length of the cantilever when in use. The quoted 
AFM cantilever width was calculated from an average of four. 
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Figure 87: SEM image of the AFM cantilever corresponding to one of four thickness 
measurements (each from a different image and location) of the AFM cantilever used 
to calculate the cantilever spring constant. 
Figure 88 : SEM image of the cantilever corresponding to one of four width 
measurements (each from a different image and location) of the AFM cantilever used 
to calculate the cantilever spring constant. 
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In order that an appropriate model for the tip-surface contact was used , the tip 
geometry was characterised using the SEM and silicon reference samp les . Figure 
89 shows a SEM image of a 20.8 nm ti p radius and Figure 90 shows a tip 
reconstruction image with a tip rad ius between 25 nm and 27 nm. The tip was 
reconstructed from the silicon spike refe rence sample imaged in Figure 91 . 
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Figure 89: SEM image of the tip radius 
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Figure 91: Silicon spike reference sample 
The tip-reconstruction images were useful in giving an estimate of the tip after 
imaging as there was always the possibility of damage when handling the AFM 
probe out of the AFM. For the above tip-reconstruction , the calculated tip radius was 
only as sharp as the silicon spikes in the calibration reference sample . It is therefore 
advisable that as many techniques as possible are used to calibrate a given tip . 
6.2.4 Experimental procedure 
The experimental procedure was carried out in the following order: 
• The AFM tip radius was measured using the SEM and the cantilever spring 
constant quoted by the supplier was verified. 
• The system was calibrated by means of force-distance curves on sapphire to 
determine the photosensitive diode sensitivity and the actual tip-sample distance 
(indentation depth) [37 , 61 , 80] . 
• The effective tip radius was determined from indentation on reference samples 
[34,81]. 
• The composite samples were indented appropriately and the elastic modulus 
was calculated using a Hertzian model [58] . 
• The same reference samples were indented again to check for parameter 
changes and the tip was examined using the SEM for changes as a resu lt of 
wear. 
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6.2.5 Data analysis procedure 
The data analysis followed the same order as described above a d n was separated 
into seven steps. For the Park XE-100 AFM the experimental fo d' I 
' rce- ISP acement 
data is stored within an extended "tiff' image file . MAT LAB (MathWorks , Cambridge, 
UK) software was used to write an algorithm to perform each analys is step . In 
summary, the raw data was first extracted and converted to individual force-
displacement curves which were then corrected and converted to indentation 
curves. The following steps were used. 
Step 1: The tiff file was read in as a 10 array and the start and end address of each 
force-displacement curve was calculated . Figure 92 shows a 10 array for a tiff file 
containing 128 force-displacement curves that were performed on polypropylene. 
X 10
4 
5 ~------~------~------------------------~ 
2 2.5 
X 106 
_5 ~+-_______ L-r _________ L-r ________ ~ __________ ~ ________ ~ 
o 0.5 
Force curve data 
1 1.5 
Figure 92: Single dimension array containing the data from 128 force-displacement 
curves performed on polypropylene. 
Step 2: Each force-displacement dataset was extracted individually using the start 
and end address to minimise the required array size . The force-displacement data 
was extracted under the following headers: Time, Zdetector, Zscanner, Force and 
Current. The time was used to locate the start and end point of each force curve and 
the current is discarded , as this is only used for scanning tunnelling microscopy. The 
Zscanner is the displacement moved by the piezoelectric actuator (wi thout feedback 
measurement) and the Zdetector is the measured displacement. For all 
measurements contained within this thesis , the Zdetector was used as this had the 
highest accuracy over the required length scale . Figure 93 shows an example of the 
raw single force-displacement curve data stored within the tiff file . The approach 
portion of the force-displacement curve was separated from the retract portion of the 
curve using the time axis , maximum indentation depth and indentation rate . To 
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prevent damage to the AFM tip and limit plastic deformation the a I' d f 
, pp Ie orce was 
also limited, This resu lted in a period of noise between the approach and retract, 
The turning points with in the curve were identified and used to crop the noise away 
from the approach curve . 
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Figure 93: Raw single force-displacement curve data extracted from the ti ff data fil e. 
Step 3: The approach portion of the curve was then extracted for analysis. Figure 94 
shows a single force-displacement curve extracted using MATLAB where the first 
point-of-contact has been identified . The method for calculating the pOint-of-contact 
is the same for calculating the sample stiffness using the method described in 
section 5.2 (see Figure 78). With in the MATLAB array, an additional condition IS 
used to prevent a false point-of-contact being identified. The point-of-contact IS 
taken from the first of three concurrent measured forces that are above the 0.1 % 
threshold. This allows the contact point to be determ ined from the measurements , 
independent of the size of any snap-in of the tip, or noise in the signal . 
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Figure 94: Single approach portion of the force-displacement curve with the first 
point-of-contact identified. 
Step 4: The approach force-displacement curve was then rotated and the axis 
centred to the origin. For the force-displacement curves obtained on sapph ire , i.e. a 
surface that is assumed to be infinitely stiffer than the AFM cantilever, the gradient 
was measured and an average taken from the entire dataset (normally sixteen 
curves). This average was taken to be equivalent to the cantilever stiffness curve , 
which was then subtracted from any curves on the matrix or glass of the composite 
specimens to give corrected force-distance curves. Figure 95 shows the cantilever 
only curve obtained on sapphire, the force-displacement curve obtained on 
polypropylene and the corresponding corrected force-distance curve. 
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Figure 95: Corrected force-displacement curves for polypropylene and glass and the 
original uncorrected force-distance curves . 
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Step 5: The corrected force-distance curves (now indentation curves) were fitted 
with a power law expression (equation 20) for a spherical contact [78] where F is 
the force, h is the indentation depth and a and n are constants. For the indentation 
curves in Figure 96 the power law fit of the glass was 324.h 1.3 and the polypropylene 
was 1 O.h 1.5. 
(20) 
Step 6: A Hertzian model was used, with the above power law fit to calculate either 
the radius, R , of the AFM tip or the reduced elastic modulus, E of the unknown test 
r 
sample. Hertzian contact mechanics assumes that the whole contact is spherical 
and the power law exponent, n, is equal to 1.5, whereas the experimentally obtained 
value of n varied between 1.3 and 1.5. This is consistent with published work [81] 
and may be influenced by a number of factors, including an imperfect spherical 
geometry, rotation of the AFM tip or an indentation where a small portion of the 
contact is on the cone (when making partial contact with the interface). For the 
indentation curves performed on reference samples, the radius of the AFM tip was 
estimated using a rearranged Hertzian model. The radius was calculated using the 
reduced elastic modulus, E
r
, (measured by liT) for the reference sample. 
(21 ) 
The reduced elastic modulus was then calculated for each indentation curve on the 
"unknown" test samples using the Hertzian model. 
3a 
E,. = 4JR 
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Figure 96: Indentation curves performed on the polypropylene and glass for the 0.28 
% aminosilane glass flake-reinforced polypropylene composite sample. Elastic 
modulus measurements of the polypropylene and the glass correspond to 1.7 GPa 
and 53 GPa assuming a tip radius of 20.5 
Step 7: Finally, the elastic modulus was calculated for the AFM indentations 
performed on the reference samples at the end of the set of experiments . Th is was 
to perform a final check that the radius (used to calculate the elastic modulus of the 
"unknown" test samples) was valid at the end of the set of experiments . The 
measured elastic modulus on the fused silica after experimentation on the 
polypropylene composite sample (see Figure 96) was 71.45 GPa ± 6.36. The 
calculated elastic modulus over sixteen indentations was very close to the 
calibration value and it was determined that the tip radius did not change to any 
significant degree. 
In addition to the Hertzian model described above, attempts were made to analyse 
AFM indentations using the same mathematical model (Oliver and Pharr ana lysis 
[28]) that was applied for liT. The reduced elastic modulus was calculated using the 
Oliver and Pharr analysis method outlined in section 2.4 . Figure 97 shows data for 
the reduced elastic modulus as a function of distance for four lines of AFM 
indentations over a glass flake-polypropylene interface. The calculated reduced 
elastic modulus values were around 2.1 GPa for the polypropylene and 20 GPa to 
120 GPa for the glass. It was determined from the large spread in calculated elastic 
modulus values that the model was not appropriate for calculating the surface 
elastic moduli from AFM indentations. 
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Figure 97: Reduced elastic modulus measurements (calculated using the Berkovich 
analysis model) from four sets of AFM indentations over a glass flake. 
The Oliver and Pharr model was designed for elastic-plastic indentation depths and 
assumptions needed to be made regarding the shape of the tip (that it was of 
Berkovich geometry and that the indentation was large enough that the radius could 
be treated as sharp). At low indentation depths on the glass surfaces, the calculated 
contact area using the Oliver and Pharr model was occasionally « 0.01 nm. This 
resulted in some elastic modulus measurements (of glass) above 1000 GPa. The 
Hertzian model was considered to be more appropriate for calculating the elastic 
modulus from AFM indentations as the contact was predominantly between the tip 
radius (which can be approximated to a sphere) and the sample surface For this 
reason, the Hertzian model was used to calculate all of the reduced elastic modulus 
measurements that are presented in this chapter. 
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6.3 Results 
6.3.1 Introduction 
This section contains the results of quantitative AFM indentation measurements 
across the glass-polymer interfaces for two composite systems and an intermetallic 
system. The results are separated into three parts; the first two concentrate on 
measurements across the interface of the glass flake-reinforced polypropylene 
system and the glass fibre-reinforced vinylester system; it is possible that 
interphases in the region of 200 nm may be present (considering the results 
obtained by SEM in section 3.5 and AFM scanning in section 4.3. In the final part, 
the indentation results from a lead free copper-solder joint will be presented that 
demonstrate the ability of the AFM indentation technique to measure the elastic 
moduli variation across a material with three dissimilar phases. 
6.3.2 Results - Glass flake-reinforced polypropylene 
AFM indentations that were performed over an area across the glass flake-
reinforced polypropylene composites did not show any conclusive evidence of an 
interphase region. A summary of these results is presented here. 
Figure 98 shows data for modulus as a function of distance for two lines of 
indentations across the interface of the unsized glass flake-reinforced polypropylene 
composite. Solid lines join the measurements that correspond to each line of 
indentations. The first line does not reveal any interphase for this system. This is in 
contrast to the second line where a there is a single measurement of intermediate 
elastic modulus at the interface that gives the impression of an interphase. This 
system is the unsized composite, and therefore it is likely that this intermediate 
elastic modulus measurement is a result of either contact between the AFM tip and 
the glass reinforcement, or localised restriction of the indentation due to the 
proximity of the glass reinforcement. 
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Figure 98: Reduced elastic modulus as a function of distance for two lines of 32 AFM 
indentations over the interface of the unsized glass flake-reinforced polypropylene 
composite. Indent separation is approximately 312 nm. 
Figure 99 shows the reduced elastic modulus as a function of distance for four lines 
of AFM indentations performed over the glass flake-reinforced polypropylene 
composite with 0.05 % wt aminosilane glass flake. The glass flake (and 
polypropylene either side) can be identified by elastic modulus measurements 
(around 50 GPa to 70 GPa for the glass flake and around 2.5 GPa for the 
polypropylene). Measurements at the interface reveal intermediate elastic modulus 
values as high as 12 GPa which, due to the presence of sizing in this system, 
indicate a possible interphase. However, when the results presented for the unsized 
system are considered, it is likely that these measurements of intermediate elastic 
modulus are also measurement artefacts. 
Figure 100 shows data for modulus as a function of distance for four lines of 
indentations over the interface of the 0.05 wt % glass flake-reinforced polypropylene 
composite. Measurements for the polypropylene showed a large spread in the 
reduced elastic modulus values which may have been caused by surface roughness 
which could have affected the tip-contact area. Even with the variation in the 
reduced elastic modulus values for the polypropylene and the glass, there was no 
clearly identifiable interphase measured in this system. 
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Figure 99: Reduced elastic modulus measurements (calculated using the Hertzian 
contact model) from four sets of AFM indentations over a glass flake. 
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Figure 100: Hertian - edge of flake - more noise in these measurements on the 
polymer. Possibly surface roughness but very variable 
An array of closely packed indentations was performed on the 0.28 % wt 
aminosilane sized system using the same AFM indenter. A an area of 9 ~m x 2.5 
~m across the interface was measured in an attempt to identify any interphase 
region. The indentation separation was set to 70 nm in order to prevent overlapping 
of indentations (the maximum indentation width was 54 nm). Figure 101 shows data 
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for modulus as a function of distance for the array of indentations spann ing the 
interface. On inspection of the surface subsequently , there were no observable 
residual imprints and conseq uently it was not possible to identify the location of any 
of the indentations. 
From these results , it is noted that the technique gave reasonable values of reduced 
elastic modulus for the flake and matrix reg ions. At the interface a very short 
transition region of 1-2 indentations is apparent (highlighted in Figure 101 ) It is not 
possible to identify whether the trans ition refl ects a change in material propert ies 
(associated with an interphase) or is a consequence of a restriction of the 
indentation process. However, the transit ion width is within a distance of 3 times the 
geometric width of the indenter, which is with in the reg ion where interaction with the 
fibre is likely [72 , 73] . 
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Overall, the AFM indentations over the interface of the glass flake-reinforced 
polypropylene composites reveal no clear interphase region, although the presence 
of an interphase with a very small thickness (no more than 150 nm) cannot be 
discounted. 
6.3.3 Results - glass fibre-reinforced vinylester 
In a second set of experiments, the continuous unidirectional glass fibre-reinforced 
vinylester pultruded rod with the "poor" interface was evaluated. Transverse fracture 
surfaces showed the presence of the coupling agent used by the manufacturer (see 
Figure 42) and preliminary transmission electron microscopy studies had indicated 
the presence of an interphase region in this system (see Figure 50). 
A high-resolution array of AFM indentations in the interface region of the system 
with "poor" bonding was performed. Figure 102 shows the reduced elastic modulus 
as a function of distance for an array of AFM indentations over an area of 5 J.1m x 
1.95 J.1m spanning the interface. Regions corresponding to the vinylester and glass 
fibre are indicated, together with a transition region of intermediate reduced elastic 
modulus. Figure 103 shows three lines of indentations (from the array in Figure 102) 
that suggest a transition region of about 200 nm between the reinforcement and 
matrix. Figure 103 also shows a region of significantly lower reduced elastic 
modulus (compared with the vinylester) that may indicate a region of degraded 
material or an interfacial failure and observations of the surface suggested that 
debonds were present (see Figure 102). 
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Figure 102: AFM indentation results for the glass fibre-reinforced vinylester with poor 
interfacial bonding. 128 x 50 indentations displayed over 5 j.Jm x 1.95 j.Jm 
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reinforced vinylester with poor interfacial bonding illustrating the transition region 
and interfacial disbond 
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The transition region shown in Figure 103 is approximately four times the size of the 
indentation width, which suggests that there is evidence of an interphase within this 
region. This is supported by the evidence of an interphase, either of coupling agent 
(Figure 42) on the surface of the glass fibre or of different material density (Figure 
49). A difficulty with this observation is that there were no residual imprints that 
could be used to identify whether any indentations could have been restricted by the 
reinforcement. For this reason, it is not conclusive that the measurements in the 
transition region are purely a product of an interphase region. 
The reduced elastic modulus measurements of the vinylester within this system are 
approximately 10 GPa, which is similar to the measurements performed by liT (see 
Figure 84). It is possible that this high reduced elastic modulus (three times the 
expected value for vinylester) may be due to large residual strains around the glass 
fibres or a change in the tip radius from the calibrated value. It was not possible to 
confirm whether or not the tip had changed radius during these measurements as 
the AFM tip lost contact with the surface at the end of the series of indentations and 
subsequent measurement on reference samples were not successful for the 
following reason. It was found that after indentation on the glass flake-reinforced 
vinylester sample that the tip had completely fractured and required resharpening 
using a focused ion beam. It is not expected that the tip had changed radius during 
the course of the above measurements as the fracture occurred after indentation 
and the variation across in the measured elastic moduli across the interface is 
consistent for each line. The tip was resharpened using a FEI Nova Nanolab 600 
dual beam focused ion beam (FEI, Oregon, USA) operated by David Cox (Advanced 
Technology Institute, University of Surrey, Guildford, UK). Figure 104 shows SEM 
images of the AFM tip before indentation on the glass fibre-reinforced vinylester and 
after sharpening. 
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Figure 104: SEM images of the AFM tip used (a) for indentation on the glass fibre-
reinforced vinylester composite and (b) after FIB sharpening 
6.3.4 Results - copper intermetallic sample 
The results presented here for the lead-free copper-solder joint contributed towards 
a project that required a method for the characterisation of intermetallic compounds 
(IMCs)that form at the interface between a tin solder alloy and the copper metallic 
substrate. The IMC (in this case, rJ-Cu6SnS) is formed in the soldering process 
during the initial contact when the solder is still molten . Characterisation of the 
thickness of the IMC and its elastic modulus is possible using liT after annealing , 
although this will change both the thickness and the modulus of the IMe. The 
method and data analysis procedure presented earlier in this chapter was used to 
characterise the elastic modulus of the IMC. 
Figure 105 shows elastic modulus data as a function of distance for AFM 
indentations performed across the interface of a lead free copper-solder joint. Three 
regions can be identified; the solder, the IMC and the copper substrate . Indentations 
were separated by 470 nm to avoid the deformation zone infringing upon the next 
measurement. The average measured reduced elastic modulus values for the 
solder, IMC and Cu regions were 56.3 ± 2.1 GPa , 130.3 ± 5.6 GPa and 76 .9 ± 0.8 
GPa respectively. 
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Figure 105: Elastic modulus as a function of distance for AFM indentations performed 
across the interface of a lead free copper-solder joint. 
As the AFM tip could be considered large (> 100 nm) when compared with an 
equivalent new AFM probe «20 nm), an applied force of 5 IJN was required to 
ensure adequate indentation depth in each of the three materials. Figure 106 shows 
a topographic image of the interfacial area prior to indentation. Within the image, 
there do not appear to be any distinctive interphase features (Le. different surface 
roughnesses) and so it is not possible to identify where the interphase is present. 
Figure 107 shows a topographic image of the same area with two sets of AFM 
indentation arrays. The image reveals that the increase in the applied force 
produced residual imprints in the surface, which indicates that the contact was 
partially plastic. It is likely that the scatter in the elastic modulus measurement data 
(Figure 105) is due to a combination of a partially plastic contact and the surface 
roughness (Ra is roughly 5 nm). Despite the variation in the reduced elastic modulus 
and the plastic contact, liT measurements (performed by Miguel Monclus, National 
Physical Laboratory, UK) of the same system indicated that the AFM measurements 
are realistic and in good agreement for the three materials [81]. Table 11 shows a 
comparison of the two techniques with the measured reduced elastic modulus 
values for each of the three regions. Both the liT and the AFM indentation values of 
elastic modulus for the IMe compare well with the Young's modulus value of 112.3 ± 
5 GPa for the same copper-tin alloy [82]. However, it is worth noting that the 
measurements of reduced elastic modulus for the IMe did show a difference of 30 
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% between the two techn iques. It is perhaps not surprising that the liT modu lus 
measurement of the IMC here is lower than the modulus value measured using AFM 
indentation as the liT modulus measurement may be a result of indentations that 
overlapped the IMC and either the solder or the copper. 
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Figure 106: Topographic image of the lead free copper solder joint prior to 
indentation. 
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Table 11: A comparison of the reduced elastic modulus measurements for Tin an 
intermetallic and copper from a lead free copper solder J' • t b . ' 
- om 0 tamed by AFM 
indentation and liT. Data from the liT technique provided court f M' esy 0 Iguel Monclus 
(National Physical Laboratory, UK) 
Test technique Tin Copper IMe 
AFM indentation 56.3 ± 2.1 GPa 76.9 ± 0.8 GPa 130.3 ± 5.6 GPa 
liT [81] 55.2 ± 4.8 GPa 84.5 ± 3.4 GPa 100.3 ± 9.1 GPa 
6.4 Discussion 
For the glass-reinforced polymer surfaces the indentations were considered elastic 
as no residual imprints could be detected. Measurements of the glass, 
polypropylene and vinylester were higher than expected for bulk materials, although 
were in agreement with the liT measurements performed on the same surfaces (see 
Figure 84 and Figure 85). 
In each of the glass-polymer composites (including the unsized system), there were 
up to two measurements of intermediate reduced elastic modulus for each line of 
indentations across the interface. When the size of the indenter tip is considered, 
the intermediate reduced elastic modulus measurements may not represent a true 
interphase. It is possible that the indentation is making contact with the glass or the 
glass is restricting the polymer from deforming, thus giving the impression of a 
region of apparent intermediate elastic modulus. It is of additional importance that 
the transition region is only indicated by one to two indentations. 
For the lead free copper-solder joint, residual imprints were detected after 
indentation. Despite the elastic-plastic indentations, good agreement in the 
measured reduced elastic modulus was noted between AFM indentation, liT and the 
bulk value obtained elsewhere [82]. The intermetallic compound was successfully 
identified to be between 2 IJm to 2.5 IJm in thickness and with a reduced elastic 
modulus of 130 GPa. liT measurements of the intermetallic within the solder joint 
were affected by the surrounding material leading to apparently reduced elastic 
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modulus measurements. In theory, it would be possible, given more sensitive 
instrumented nano-indenter equipment, to reduce the applied force of the liT 
measurements. However, the lower force resolution and the increased tip radius 
(compared to the AFM) of the nanotest II indenter system meant that it was not 
always possible to indentify the first point of contact to less than ± 10 nm. The 
results suggest that for the given applied forces and experimental set-up, AFM 
indentation is more suitable than liT for measuring interphase regions that are less 
than 3 IJm in thickness, as lower applied forces and smaller tips mean that a higher 
resolution can be achieved. In addition, AFM indentation was able to measure the 
modulus of the IMe whereas the lower resolution of liT meant that measurements 
were affected by the surrounding material. 
AFM indentation over large areas typically requires large forces (compared with 
surface scanning modes) in order that a suitable indentation curve can be 
measured. In addition, mapping the modulus over an area required large numbers of 
force distance curves (above 128 in most experiments and above 1028 in any high 
resolution experiments). The AFM diamond tip also fractured at the end of one of 
the experiments and was resharpened using a focused ion beam. The fact that the 
tip was damaged highlights that the tip apex for any AFM probe, diamond or not, 
may change shape during contact with a surface. For this reason, the proposed 
method of AFM quantification must be followed by some form of assessment of the 
AFM tip radius both before and after the measurements, to ensure confidence in the 
results. 
6.5 Concluding comments 
A procedure has been developed in this chapter to calibrate and quantify force-
displacement AFM measurements. The procedure allows for the elastic moduli to be 
calculated for large numbers of indentations within an array. This procedure was 
demonstrated using a number of composite systems with the overall purpose of 
identifying the interphase properties. 
Three systems were evaluated; glass flake-reinforced polypropylene, glass fibre-
. . Id . 'Int For the glass-reinforced reinforced vlnylester and a lead free copper-so er JO . 
polymer systems no clear interphase was detected. This was unexpected, as 
, ., b rt d 'n the literature and earlier Interphases above 1 IJm In thickness have een repo e I ' 
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work presented in this thesis (TEM, SEM and AFM scanning investigations) 
suggested the presence of potential interphases around 200 nm in thickness. 
Overall, indentation measurements have revealed apparent increases in the elastic 
modulus of the polymeric matrix in the immediate vicinity of the glass reinforcement. 
It is possible that these measurements represent indentations within interphase 
material due to the presence of coupling agents altering the material properties or 
that they represent a restriction of the indentation process due to the proximity of the 
interface and not as a consequence of the presence of interphase material. 
The literature review, in Chapter 2, suggests that liT or AFM indentation in polymer 
composites will reveal interphases between 200 nm to 6 IJm in thickness. There is 
also contrasting evidence in the literature that suggests that whilst interphase 
regions do exist, there is a finite region (of two to three times the contact diameter) 
that cannot be measured independently of measurement artefacts. These conflicting 
reports and dependence on the interpretation of results led to (i) a finite element 
analysis study of the effect on indentations of the proximity of the reinforcement, and 
(ii) the development of a novel indentation technique with independent verification of 
measurement artefacts, which are presented in the next chapter. 
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7 Novel procedure for the detection 
identification of measurement artefacts 
indentation techniques 
and 
. In 
7.1 Introduction 
The results presented in the previous chapters have identified possible transition 
measurements of intermediate elastic modulus between that of the bulk matrix or 
reinforcement. This chapter seeks to challenge further the widely held belief that 
indentation in the interfacial region of polymer composites may be used to identify, 
unambiguously, an interphase of distinct elastic properties. 
Firstly, the results from a finite element analysis (FEA) study are used to examine 
what effect a glass-reinforcement would have on nearby indentations in the polymer-
matrix. Evidence will then be presented in the form of a novel indentation procedure 
where the torsion of the AFM cantilever is measured alongside the sample elastic 
modulus. This procedure is used to independently verify whether or not indentations 
are affected by the proximity of the glass fibre-reinforcement. 
Where point measurements are taken over the interface of a hard reinforcement and 
a softer matrix, a transition region (region of measurement error rather than material 
property variation) is likely to be shown when either (a) the geometry of the indenter 
or (b) the area of deformation under the indenter, overlap both of the materials. In 
either case, the indentation will be inhomogeneous and will result in a lateral force at 
the indenter tip (due to uneven loading under the indenter tip). This lateral force will 
result in a deflection of the indenter tip, and (for AFM indentation) torsion of the AFM 
cantilever. Figure 108 shows a schematic diagram of an indentation between a 
polymer and glass where the tip is twisted due to uneven loading. It is proposed that 
this AFM tip twist may be measured, and any significant torsion will correlate with 
indentations that are affected by the proximity to the glass fibre-reinforcement. 
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Figure 108: Schematic diagram of uneven loading on the AFM tip resulting in tip twist 
during indentation . 
7.2 Materials 
The new procedure for identifying measurement artefacts , using the torsion of the 
AFM cantilever as an indication , was demonstrated for a glass fibre-reinforced 
phenolic resin composite. The composite was a Resinox CL 1880 mixed with 7 wt% 
H 1196 hardener reinforced with 450 g/m2 E-type glass fibres of 20 ~m diameter 
coated with an aminosilane coupling agent (supplied by Alma Hodzic, University of 
Sheffield , UK). In previous work [29], a 6 ).lm interphase region between the glass 
fibre and phenolic-resin was identified after water aging for 10 weeks at 23 °C. For 
the present study, the material was aged in de-ionised water for 10 weeks at the 
same temperature. Table 12 shows the weight of the composite samples when dry 
and after 10 weeks of water aging. 
Table 12: Details of the weight and moisture uptake of three glass-phenolic composite 
specimens when dry, and after 10 weeks of water aging. 
10 weeks water Weight increase 
Dry 
aging (%) 
1.4178 1.5223 7.37 
Mean weight 1.3891 1.5253 9.80 
5.4104 5.8667 8.43 
Average - 8.54 -
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7.3 Finite element analysis 
To support the hypothesis that indentation in the vicinity of an interface will be 
affected by the glass fibre-reinforcement and that these trans·ltl·on measurements 
can be identified by monitoring the torsion on the AFM cantilever, a finite element 
analysis (FEA) was performed by Louise Crocker. The model was designed to 
resemble indentations performed in a glass fibre-reinforced phenolic composite with 
a perfect interface and no interphase region. For the model, the elastic moduli of the 
phenolic resin and the glass fibre were taken to be 3.8 GPa and 70 GPa and the 
Poisson's ratio's were assumed to be 0.39 and 0.2 respectively. An indenter tip 
radius of 85 nm was used, which corresponds to the radius of the indenter used in 
the following experiments. Seven indentations were to be modelled in incremental 
distances (0 nm, 25 nm, 50 nm, 100 nm, 150 nm, 200 nm and 678 nm) from the 
edge of the reinforcement and an eighth indention to be on the glass fibre-
reinforcement (at - 25 nm). 
The FEA model geometry was created in Abaqus/CAE V6.9-1, the analysis 
performed using Abaqus/Standard V6.9-1, and the results were obtained from 
Abaqus/CAE. Figure 109 shows an image of the FEA model with the material 
surface designed as a half hemisphere to reduce the data processing time and the 
indenter defined as an analytical rigid surface. The bulk of the specimen was 
meshed with 3D continuum elements C3D8R, which are 8 node linear brick 
elements with reduced integration and hourglass control. The mesh was highly 
refined in the expected region of contact with the indenter. The outer layer of 
elements was meshed using CIN3D8 elements, which are 8 node linear, one-way 
infinite elements. One side of the mesh was divided into regions 50 nm wide so that 
the material definitions in these regions could be altered easily. This allows the 
phenolic-glass fibre interface to be 'moved' while keeping the indentation within the 
refined mesh region. The contact was modelled between the indenter and the 
specimen, with the rigid indenter defined as the master surface and the deformable 
mesh as the slave surface. Boundary conditions were applied to the model. The 
plane of symmetry was constrained using symmetry constraints and the outer nodes 
of the infinite elements were fully constrained. A concentrated load of 1.5 ~N was 
applied to the indenter model (due to the half hemisphere symmetry, only 1.5 ~N of 
the 3 ~N load used in the following experiments needed to be applied within the FE 
model). 
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Figure 109: Image of the FEA model used to calculate indentation depth and lateral 
movement of the tip for indentations at various distances from the silica 
reinforcement. Image provided by Louise Crocker. 
Figure 110 shows the applied force and the lateral displacement of the material 
under the indenter tip as a function of indentation depth calculated using the FEA 
model. The lateral displacement referred to in the FEA model here corresponds to 
the distance that the node (directly underneath the centre of the indenter tip ) moves 
in the horizontal direction as a result of the applied indentation force . From the 
applied force-depth curves, it is noticeable that the contact becomes stiffer with 
decreasing proximity to the interface. Figure 111 shows a contour plot of the vertical 
deformation underneath the indenter output from the FEA model for an indentation 
100 nm from the interface at the final applied force. The elastic strains within the 
material surface for each of these indentations are not symmetrical due to the 
presence of the reinforcement. Figure 110 also shows that there is an increasing 
lateral displacement at the indenter tip with decreasing proximity to the interface, 
which is expected from the proposed hypothesis . The results also show a positive 
lateral displacement for the indentation on the glass (-25 nm ) as the indentation is 
affected by the proximity of a softer material nearby (the matrix). The FEA resu lts 
here show that the lateral force may be used to detect when the AFM indentation IS 
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being affected by the proximity to a glass fibre-reinforcem t d 
en an when the AFM 
indentation is on the glass fibre-reinforcement. 
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Figure 110: FEA calculated force and lateral displacement as a function of indentation 
depth for indents in the proximity of the glass fibre-reinforcement. Data provided by 
Louise Crocker. 
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Figure 111: FEA modelled vertical deformation underneath the indenter for a total 
applied force of 3 J.1N . 
Critically, the lateral displacement at the indenter tip (see Figure 11 0) increases in 
proportion to the apparent increase in the elastic modulus. This can therefore be 
used to identify when an indentation has been restricted by the proximity of the 
interface. The following section will compare the results from this FEA study and 
AFM indentations over the interface of a glass fibre-reinforced phenolic composite . 
7.4 Experimental methods 
7.4.1 Instrumentation 
The Park XE-1 00 (Parks Systems, Suwon , KR) was used for these experiments with 
the same Microstar AFM probe (Microstar, Huntsvil le , USA) that was used in the 
previous chapter. 
Figure 112 shows an image of the AFM probe at two magnifications where the tip is 
shown to resemble a cone (with a spherical tip apex) fol lowing indentation 
experiments on the copper intermetallic samples and subsequent focused ion beam 
sharpening . The dimensions of the AFM tip and AFM cantilever are given in Tab le 
13 and refer to averages from at least three SEM measurements . 
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Figure 112: a) Front orientation SEM image of the diamond indenter used for 
measuring the cone angle geometry and b) front orientation image of the tip radius 
used to calculate the lateral resolution and width of an indentation. 
Table 13: SEM measured geometry and calculated mechanical properties of the AFM 
cantilever and tip (the errors provided are the standard error of the mean). 
Parameter Measured Value 
Thickness (IJm) 15.99 ± 0.21 
Length (IJm) 448 ± 0.91 
Width (IJm) 49.6±1 .17 
Elastic Modulus (GPa) 380 
Spring Constant (Nm-1) 213 .9 
Radius (nm) 85 ± 9.6 
Cone Angle (degrees) 14 ± 0.5 
During indentation, the torsion of the cantilever was recorded using a LabVI EW 
interface (National Instruments, Texas , USA). Figure 53 in section 4.2.4 describes 
the relationship between the PSD array and the normal and tors ional forces . In 
summary, the voltage difference between the diodes A and B relates princi pa lly to 
bending of the cantilever (the normal force at the tip) wh ile the difference between 
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diodes C and 0 relates principally to the torsion of th t'l e can I ever (the lateral force at 
the tip). Figure 113 shows a schematic diag ram of th . e experimenta l set-up used for 
measuring the tors ion of the cantilever during AFM 'Ind t t' Th en a Ion . e A-B , C-O and 
Zdetector (movement of the tip towards the surface ) d t a a are passed through low 
pass filters (with a variable time constant depending on th . f . e nOise 0 the signa l) to 
the LabVIEW interface. The LabVIEW interface measures the th d t . ree a a signa ls and 
records them for subsequent analysis . 
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1- - - - - - - - - - - - - - - - , 
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\~ Piezoe lectric actuator (X, Y A-B and 
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..... I Low pass filters I 
Figure 113: Schematic diagram of the experimental set-up used for measuring the 
torsion of the cantilever during AFM indentation. 
7.4.2 Data analysis 
The elastic moduli values of the indentations were calculated using the MATLAB 
data analysis algorithm described in section 6.2.5. The AFM cantilever torsion for 
each indentation was extracted from the LabVI EW datafile using a second MATLAB 
data analysis algorithm described here. Firstly, the voltage aga inst time signals that 
had been measured by LabVI EW were extracted into an array for ana lysis by 
MATLAB. Figure 114 shows an example set of the three voltage aga inst time data 
signals (A-B, C-D and Zdetector) extracted from the LabVI EW interface by MATLAB. 
Firstly, the algorithm plots the data against time for each indentation . The voltage 
against time curves presented in Figure 114 show the raw data from the indentat ion 
as well as the noise measured in the system when the cantilever and tip were being 
moved to the next indentation location . 
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Figure 114: Voltage against time for the A-B (red), torsion (green) and Zdetector 
(black) raw data signals measured by the LabVIEW interface 
The nOise measured in the system was removed by identifying the change in 
Zdetector signal , which correspond to the movement of the AFM probe towards the 
surface. The indentation rate is constant, and so during movement of the 
piezoelectric actuator, the Zdetector measures a constant displacement change 
during approach and retract. The gradient of the approach and retract curves are 
then extrapolated (in blue , see Figure 11 5) and a trigger is set to mark the Zdetector 
signal when the gradient of the curve (blue) passes zero volts. The primary reason 
for this procedure is to ensure that the noise in the signal before and after 
indentation does not interfere with the automation of the analysis ; in particular, using 
event triggers to locate the point of contact (where the voltage exceeds a certain 
threshold) . 
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Figure 115: Voltage against time for the Zdetector data signal. The approach , retract 
portions of the curve have been highlighted and the start and finish points identified 
in red. 
The Zdetector voltage was then converted into displacement by multiplying the time 
(s) with the constant displacement rate (nm S·1) for each datapoint. Figure 116 
shows the A-8 and C-D voltages against the Zdetector displacement. The approach 
and retract portions of the curve were then be separated and the gradients 
measured to calculate relative tip-sample stiffness (A-B) or the relative change in tip 
torsion (C-D). 
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Figure 116: A-8 and C-O voltages against Zdetector displacement measured by the 
LabVIEW interface 
7.4.3 Materials 
The glass-fibre reinforced phenolic resin system evaluated by AFM indentation 
consisted of a phenolic resin , Resinox CL 1880, mixed with 7 wt% H 1196 hardener 
and then reinforced with 450 g/m 2 E-type glass fibres of 20 ~m diameter coated with 
an aminosilane coupling agent (supplied by Alma Hodzic, University of Sheffield , 
UK). In other work [3], the authors identified a 6 ).lm interphase region between the 
glass fibre and the phenolic resin after water aging for 10 weeks at 23 cC. The 
material in the present study was aged in the same way. 
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7.5 Results 
7.5.1 AFM indentation with torsion detection 
Figure 117 shows a height profile of the surface of the glass fibre-re inforced 
phenolic system obtained using non-contact AFM imaging (scanning the AFM tip 
over the surface without making direct contact to build a topographic image). Th is 
was used to locate a suitable area for investigation (i .e. one that was free of cracks 
and debonds); similar images were taken after indentation to confirm that there was 
no residual deformation (for these experiments, the AFM tip was 85 nm ± 10 nm). 
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Figure 117: a) 30 ~m and b) 10 ~m topographic non-contact AFM images of the glass 
fibre-reinforced phenolic specimen. 
Figure 118 shows voltage-distance curves for the bulk phenolic reSin , the glass 
reinforcement and at a location close to the interface. The torsion curves for the 
(bulk) phenolic and glass fibre (see Figure 118) have a small gradient suggesting 
that the tip is not located on the centre line of the cantilever, which results in a 
rotation during indentation. This small gradient is in contrast to the much larger 
gradient of the torsion curve when the tip is located in the transition region . This fits 
with observations from FEA modelling where there is an increase in the lateral 
displacement of indentations as the proximity to the glass fibre-reinforcement 
decreases (and as the restriction on the material elastic deformation increases). 
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Figure 118: Example raw normal cantilever deflection measurements on the phenolic 
resin, at the interface and the glass-fibre reinforcement 
The reduced elastic moduli of the phenolic and the glass fibre were derived from the 
normal force (A-B) indentation curves to be 4.4 ± 0.5 GPa and 76 ± 12 GPa, 
respectively (the uncertainties are standard deviations from the whole data set) . The 
measured modulus of the phenolic is more reasonable than the modulus found with 
a smaller tip radius for the polypropylene. The improved accuracy may indicate that 
Hertzian mechanics is more appropriate for a larger tip radius (the tip radius was 85 
nm when measuring the phenolic , compared with 20.5 nm when measuring the 
polypropylene ). 
With regard to the interphase in this system , it was expected that for the glass fibre-
reinforced phenolic sample there would be at least a 5 ~m interphase after water 
aging [3] . Two lines of indentations 25 ~m and 1 0 ~m across the interface are 
shown in Figure 119, but the results show no detectable interphase. In each set of 
results, a single measurement with an elastic modulus higher than that of the matrix 
(6 .1 GPa and 7.2 GPa) was noted, although in each case a sign ificant tors ion 
gradient was measured indicative of a lateral force and interaction wi th the 
reinforcement. 
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Figure 119: Reduced elastic modulus over the interface of the glass fibre-reinforced 
phenolic over 25 fJm (128 indentations) and 10 IJm (64 indentati ons) 
In order to establish whether the torsion identified in these two cases was the result 
of a contact with the reinforcement, a second set of measurements (lines of 5 ~lm 
and 2.5 j.lm) , with a tighter packing of indentations, was performed over the same 
interface. All of the data from the four sets of measurements are shown in Figure 
120 and the data are consistent with a transition region of intermediate reduced 
elastic modulus, of width 150 nm; however, for each of the measurements within this 
region , a significant torsion grad ient was recorded confirming that the measured 
changes in the reduced elastic modul i are indistinguishable from measurement 
artefacts. The transition reg ion is therefore be lieved to be primarily due to restriction 
of the indentation due to proxi mity of the reinforcement. The transition region width , 
W , in this case is approxi mately w ~ 2. SR where R is the contact rad ius. 
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Figure 120: Reduced elastic moduli (GPa) and torsion gradients for each line of 
indentations over the interface of the glass fibre-reinforced phenolic composite . The 
results show a 150 nm transition zone. 
7.5.2 Comparison of AFM indentation with torsion and FEA 
Table 14 shows the elastic moduli values that were calculated from the FEA model 
for indentations at various distances from the interface (using equations 1 to 3) 
along with the curve fitting parameters (obtained from the curves in Figure 111) and 
the percentage increase between the bulk value and the calculated reduced elastic 
modulus. The reduced elastic moduli of the phenolic resin for the indentation 
modelled (using FEA) at 678 nm from the interface is calculated to be 4.5 GPa. For 
an assumed Poisson 's ratio of 0.39 (used in the FEA model) , the elastic moduli 
value is calculated to be 3.8 GPa which compares well with the value assumed in 
the FEA model for the bulk phenolic resin. 
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Table 14: Calculated reduced elastic modulus and sample ela t' d I s IC mo u us for the FEA 
indentations as a function of the proximity to the interface. 
Curve 
Proximity fitting Reduced % increase in to the parameter elastic 
interface a modulus, E, E, from bulk 
(nm) (F = a}zl.s) (GPa) (%) 
-25 0.02297 60.8 1255.0 
0 0.01331 33.7 649.4 
25 0.00230 6.1 35.9 
50 0.00198 5 12.1 
100 0.00181 4.6 3.0 
150 0.00178 4.6 1.4 
200 0.00177 4.5 0.8 
678 0.00176 4.5 0.0 
Figure 121 shows the reduced elastic moduli values and the tip deflection/torsion 
gradients measured by AFM indentation and calculated from the FEA model. 
Overall, both the FEA and experimental results show an increase in the elastic 
moduli with increasing proximity to the interface. Both sets of results also show a 
change in the lateral deflection at the indenter tip (see Figure 110) at the same 
proximity from the interface. The results suggest a transition region of at least 150 
nm where there is a variation of the measured elastic moduli and a corresponding 
change in the lateral deflection at the indenter tip. This interpretation is consistent 
with the suggestions of Gao et al [72] and Munz et al [73] that any transition region 
within two to three times the indentation diameter is associated with restriction of the 
indentation (the maximum indentation diameter here was 120 nm). 
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Figure 121: Reduced elastic moduli (GPa) and tors ion gradients for the experimental 
results (shown in Figure 120) and the FEA model. 
It is also apparent that the FEA calculated value of reduced elastic modulus on the 
interface is approximately midway (~ 31 GPa) between that of the glass fibre-
reinforcement (70 GPa) and the phenolic res in (3.8 GPa). Th is suggests that 
indentations on the edge of the glass fibre-reinforcement may be substantiall y lower 
than those in the bulk material, which could give the impression of an interphase. If 
the interphase is defined as a reg ion of different elastic modul i between that of the 
bulk reinforcement and bulk matrix properties , then interphase thickness 
measurements shou ld be re-evaluated to take the FEA results presented here into 
account. Furthermore, the tip deflection gradient could be used to define where the 
indentation is with respect to the interface. The FEA resu lts show that the tip 
deflection grad ient is at a minimum for an indentation at the interface (i .e. 0 nm) and 
at zero for an indentation in the bulk materi al. 
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The results demonstrate that detection of the AFM cantilever torsion during 
indentation is a suitable independent method for the detection of artefacts. In 
addition, by monitoring the change in the gradient of the lateral displacement values, 
and identifying whether it is moving away or towards zero, it would be possible to 
identify where the indentation is and predict the magnitude of any restriction on the 
indentation. 
7.6 Concluding comments 
A procedure for monitoring the torsion of the cantilever during AFM indentation was 
developed and is described within this chapter. The results show a correlation 
between apparent increases in the elastic modulus and a change in the torsion of 
the AFM cantilever for indentations that are within about 2.5 times the contact radius 
from the reinforcement. 
The experimental measurements are in agreement with the observations in the 
literature and it is suggested that any indentation-based measurement of composite 
interfaces should use the developed torsion-monitoring procedure in order to 
distinguish measurement artefacts from interphase measurements. In addition, it is 
also concluded that indentations close to an interface does not always automatically 
reveal an interphase with distinct measurement properties as this may be obscured 
by restrictions on the indenter due to the reinforcement. 
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8 High-speed nanomechanical elastic modulus 
mapping of polymers and interfaces 
8.1 Introduction 
This chapter contains an experimental review of one of the latest AFM based high-
speed nanomechanical mapping methods that may be suitable for the measurement 
of interface/interphase regions in composite materials. In the previous chapter, a 
method of performing AFM indentations and then quantifying the reduced elastic 
modulus was developed. One of the limitations of the developed AFM indentation 
technique is that it is both time and computationally demanding. A novel technique 
has recently been developed which enables AFM indentation to take place at a 
higher rate by combining a tip-scanning method with AFM force-displacement. The 
AFM, in peak force quantitative nanomechanical mapping has been evaluated using 
a large range of reference samples and various AFM probes to determine firstly how 
reproducible the measurements were and whether or not the technique could be 
used for interphase measurement in composite materials. 
8.2 Experimental procedures 
8.2.1 Materials 
Table 15 shows the materials used in this study together with the suppliers' values 
for Young's modulus and Poisson's ratio (where Poisson's ratio data were not 
available, a value of 0.35 was used). Polymer surfaces were prepared by 
ultramicrotomy using a Leica EM UC7 ultramicrotome (Leica Microsystems GmbH 
Wetzlar, Germany). The temperature was controlled (between -40°C and -140 °C) 
to ensure that the ultramicrotomy resulted in a brittle fracture to minimise the surface 
roughness. The polymeric surfaces for investigation were cut from bulk materials (as 
opposed to using thin films) in order to eliminate any error arising from the 
interaction between a thin film and the underlying substrate during indentation by 
either AFM nanomechanical mapping or liT [83]. 
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Table 15: Values of average elastic moduli and t d d " 
. s an ar deviations obtained for the 
polymeric surfaces by quantitative nanomechanical mapping and liT. 
Supplier elastic Poisson's 
moduli (GPa) Ratio 
Low density polyethylene (LOPE) 0.20 0.35 
High density polyethylene (HOPE) 0.80 0.42 
Acrylonitrile butadiene styrene (ASS) 2.30 0.35 
Photostress coating 1 (PS1) 2.40 0.35 
Polycarbonate (PC) 2.60 0.35 
Polyethersulfone (PES) 2.70 0.35 
Vinylester (VE) 2.70 0.38 
Polyvinylidene fluoride (PVOF) 2.90 0.35 
Polystyrene (PS) 3.00 0.34 
Photostress coating 8 (PS8) 3.10 0.38 
Acetal (POM) 3.50 0.36 
Poly(methyl methacrylate) (PMMA) 4.80 0.35 
Instrumented (nano) Indentation Testing (liT) 
liT experiments were performed using a NanoTest instrumented indentation 
platform (Micro Materials Ltd). Ten indentation runs were performed on each sample 
using a Berkovich diamond indenter by applying a 20 mN force at a constant loading 
rate of 0.67 mN S-1 over 30 s; the maximum force was then held for 100 s, and then 
unloading was performed at a constant unloading rate of 2 mN S-1 over 10 s. Values 
of indentation moduli were then calculated from the unloading slopes using an 
indenter area function obtained by metrological AFM [841· 
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8.2.2 Quantitative AFM Nanomechanical Mapping 
a) Background Theory 
In PeakForce ™ QNMTM, the elastic modulus is calculated using a DMT model (see 
equation 23) that is applied to the unloading portion of the force-separation curve 
(see Figure 122) [56]. The DMT model can be viewed as a modified Hertzian 
model, which takes into account the adhesive forces between the tip and the 
surface. According to this approach, the reduced elastic modulus, E r' is given by 
(23) 
In equation 1, F',ip is the force on the AFM tip, Fadh is the adhesive force between 
the AFM tip and sample, R is the AFM tip radius, and d is the deformation depth. 
The reduced elastic modulus is related to the sample elastic modulus, E s' by 
(24) 
where E I is the indenter elastic modulus, VI is the Poisson's ratio of the indenter 
and V is the Poisson's ratio of the sample. In the present work, EI » Es ' and so 
s 
the second term on the right hand side of equation 2 is negligible. 
The tip radius can be measured directly using a Scanning Elecron Microscope or a 
tip calibration grating. Alternatively the value of radius can be derived from a 
reference sample (in the present work PS) using equation 1 and taking the modulus 
value to be that determined using liT [34]. 
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Figure 122: A force-separation curve obtained using AFM nanomechanical mapping . 
The loading and unloading curves have been identified along with the portions of the 
curve relating to the tip and adhesive forces. 
b) Instrumentation 
AFM experiments were performed using a Bruker Dimension Icon AFM and three 
different probes: PDNISP and Tap525 probes supplied by Bruker AXS; Tap190 
probes supplied by BudgetSensors ™ (Innovative Solutions Bulgaria Ltd , Bulgaria). 
The probes (see Table 16) were selected based on the recommendations of Bruker 
AXS for the range of polymer elastic moduli to be investigated (0.2 GPa to 3.7 GPa 
- values based on liT). For the experiments described here, the oscillation 
frequency was 2 kHz and the amplitude was set at a constant value of 300 nm 
corresponding to an indentation rate of 1.2 mm S·1. Each set of elastic modulus 
measurements on a sample corresponds to 256 x 256 force-separation curves 
obtained over an area of 2 jJm x 2 jJm. These data are presented as histograms. 
To optimise the experimental settings (working radius and working applied force ), 
the following procedure was adopted . To make an initial estimate of the target value 
of F to be used in the experiments equation 1 was used with an AFM tip radius 
lip , 
based on direct (SEM) observation , an indentation depth of 2 nm (the supp liers 
recommended minimum value) , a modulus value taken from liT for the stiffest 
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polymer to be investigated (PMMA, 3.7 GPa) and Fadh taken as zero. These 
calculated values are shown in Table 2. An experiment was then run on the PS 
reference sample using the calculated target value of F . . Then using the measured 
tiP 
experimental parameters (F adhand d ), the AFM tip radius was recalculated so that 
the new Er value was in agreement with the liT value for PS. 
The method described above gives a set of test parameters, which give the correct 
modulus for the PS reference sample but are not necessarily applicable to other 
samples. Hence, a second reference sample (PS1) was used in order to refine the 
parameters. An iterative procedure was then adopted whereby a sample of PS1 was 
tested and F;iP was adjusted until the modulus matched the liT value. The adjusted 
F. was then applied to the PS sample and the radius was modified until the 
tip 
modulus matched the liT value. The iterative process was continued until the values 
of F. and R which led to an exact match for PS with respect to the liT value, 
tiP , 
produced a mean modulus of PS1 that was within ±1 standard deviation of the liT 
value. Following this calibration process, the working applied force and working radii 
were used for all the AFM measurements of the remaining polymers. These final 
values are shown in Table 16. 
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Table 16: AFM cantilever and tips used in this study 
Calculated 
Tip Spring 
Force Working 
Tip Cantilever (required for Working 
Reference Stiffness 
applied 
Radius 
a2nm force 
Deformation) 
Tap 525 Silicon Silicon 97 N m-1 85 nN 120 nN 37 nm 
PDNISP Diamond Steel 227 N m-1 88 nN 500 nN 40 nm 
Tap190 Silicon Silicon 56 N m-1 142 nN 238 nN 104 nm 
8.3 Results 
8.3.1 Introduction 
This section describes the elastic moduli results obtained by AFM nanomechanical 
mapping. Firstly, the results of the calibration procedure for each probe are 
described using the reference sample methods. Secondly, mathematical predictions 
of the cantilever sensitivity are reported based on the experimental parameters 
presented in Table 16. Finally, the results of elastic moduli measurements of the 
polymers listed in Table 15 are presented. 
8.3.2 Calibration 
To establish the values for the working applied force (F;;p) and working radius (R), 
measurements were performed on both the PS and PS 1 samples as described in 
the previous section. The elastic moduli measurements after the calibration 
procedure had been completed for each probe are shown as histograms in Figure 
123 and a normal distribution of elastic moduli for each material can be seen. It 
seems reasonable that a distribution of the elastic moduli would be measured due to 
the effect of polymer chain orientation and semi-crystallinity at the nanoscale. From 
these data, the mean and associated standard deviations were calculated and these 
values are shown in Figure 124 plotted against the elastic moduli measured using 
liT. 
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Figure 123: Histograms of the elastic modulus measurements of PS and PS1 using the 
a) Tap525 AFM probe , b) the PDNISP AFM probe and c) the Tap190 AFM probe . 
Spacing between data points is a) 17 MPa, b) 7 MPa and c) 6 MPa. 
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As indicated above , Figure 124 shows a compa rison between the results of AFM 
and liT nanomechan ical mapping for the PS and PS 1 calibration samples . As 
explained in the previous section , the calibrat ion procedure resu lted necessarily in 
agreement between the AFM nanomechanical mapping and liT measurements for 
PS. The best agreement between the two techniques for PS 1 was for the PDNISP 
probe, possibly because the tip apex was the most spherical and therefore had the 
best fit with the DMT model used to calculate the elastic modulus. Figure 124 also 
shows that the Tap 525 and the Tap190 have either slightly underestimated or 
overestimated , respectively, the elastic modulus of PS 1. However, in each case , the 
AFM nanomechanical measured elastic modulus of PS 1 was within a standard 
deviation of the liT measurement and so it was assumed that the experimenta l 
settings for each probe were reasonable for characterising the rema ining polymer 
surfaces. 
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Figure 124: Comparison between the elastic modulus measurements from liT and 
. h d·ff nt AFM probes for the two AFM nanomechan ical mapping usmg the tree I ere 
reference samples ; PS1 and PS. 
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8.3.3 Correlation between the cantilever sensitivity and the 
measured elastic moduli variation 
The suitability of each probe for measuring the elastic moduli was determined by 
assessing the proportion of cantilever deflection to sample deformation. If the 
cantilever does not deflect when pressed against the surface because the cantilever 
stiffness is too high, it is not possible to measure the applied force or calculate the 
surface deformation. In contrast, if the cantilever deflects but there is no surface 
deformation because the cantilever stiffness is too low, then any error in the 
cantilever deflection measurement could be misinterpreted as sample deformation. 
For this reason, the proportion of cantilever deflection is indicative of how sensitive 
any particular probe is when measuring surfaces within a given stiffness range. For 
each of the three AFM probes used in this study, the proportion of the deflection 
ascribed to the cantilever and the sample were calculated for each of the test 
polymers using equation 25. 
2 
d d d - lip + lip ( F. J ( 3F J3 total = cantilever + sample - k 4 E* JR 
~~ 
Cantilever Sample 
deformation deformation (25) 
Figure 125 shows the predicted percentage of cantilever deformation (as a 
proportion of total deflection) with increasing sample Young's modulus for each 
probe. The Tap190 probe has the largest proportion of cantilever deflection out of 
the three AFM probes, which indicates that it may provide the most sensitive 
measurement. In contrast, the PDNISP probe (with a relatively high stiffness) will 
deflect the least and hence it may not be possible to detect the first point of contact 
for the less stiff polymers. 
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Figure 125: Calculated proportion of sample and cant ilever deformation for each AFM 
probe at the applied force for a range of surface elastic moduli (where the tota l 
deformation is the sum of the sample and cantilever deformation). 
8.3.4 Results of quantitative nanomechanical measurement of 
polymers 
Figure 126 to Figure 128 show comparisons between the average elastic moduli 
measured by liT, the nominal value provided by the suppliers for the various 
polymer surfaces and the AFM nanomechanica l mapping results (for each of the 
three AFM probes). Overall , the AFM average values of elastic moduli are simi lar to 
the liT and the suppliers ' values. The best ag reement is for polymers that have 
elastic modul i between that of the two reference samples , PS 1 and PS. Outside of 
this range, the AFM nanomechan ica l mapping technique tended to measure higher 
elastic moduli for the softer polymers and lower elastic moduli for the harder 
polymers, in relation to the suppliers' or liT values ,. This is not unexpected , given 
that the calibrat ion procedure optimised the control variables F and R for iiI 
polymers having a stiffness between that of PS1 and PS . 
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Figure 126: Elastic moduli values for twelve polymers obtained from the vendor 
(nominal), by liT and by AFM nanomechanical mapping using the Tap525 AFM probe. 
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Figure 127: Elastic moduli values for twelve polymers obtained from the vendor 
(nominal) , by liT and by AFM nanomechanical mapping using the PDNISP AFM probe . 
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Figure 128: Elastic moduli values for twelve polymers obtained from the vendor 
(nominal), by liT and by AFM nanomechanical mapping using the Tap190 AFM probe. 
Table 17 shows the average values of the measured elastic moduli and the 
associated standard deviations obtained for each polymer surface using liT and 
AFM nanomechanical mapping . Although the results obtained by AFM 
nanomechanical mapping show a much lower precision (i. e. a higher standard 
deviation) than the liT values , there are very many measurements made for each 
modulus measurement (over 65000), thus giving a high confidence in the average 
modulus measurement. In contrast , the indentation results obtained by liT have a 
lower standard deviation. The variation in the measured elastic modul i and 
associated standard deviations between the two test techn iques may be attributed 
to the difference in the indentation depths and sampled volume, the mechanical 
model assumed and the tip profiles. The AFM nanomechanical mapping technique 
is designed to measure the elastic modulus of a surface with as little as 2 nm 
sample deformation. In contrast , measurement of the elastic modulus of polymers 
by liT involves indentation depths of tens of nanometers. In addition to the length 
scale, the mathematical model and tip profile are also different. The results obtained 
by AFM nanomechanical mapping are modelled using a DMT model , wh ich is for an 
elastic contact using a spherical indenter, wh ereas liT is modelled using an Oliver 
and Pharr model designed for elastic-plastic contact using a Berkovich indenter. In 
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summary, therefore, the AFM may be considered to be a tool suitable for the 
detection of local mechanical properties, rather than overall bulk material properties. 
The measured average elastic moduli values are generally similar for the Tap525 
and PDNISP probes. (see Table 17), which is likely to be a result of the similarities 
in the probe geometries (see Table 16) and the proportion of cantilever deformation 
(see Figure 125) for the two AFM probes. In general, the PDNISP probe shows the 
smallest standard deviation for the measured samples, perhaps suggesting that a 
small proportion of cantilever deflection leads to more precise elastic moduli 
measurements. However, it should be noted that it was not possible to measure the 
modulus for some of the polymers using the PDNISP probe (see Table 17). This 
may be associated with the higher applied force for the PDNISP probe, which in turn 
leads to higher friction, and different rate-dependent responses for the various 
polymers. It should be noted that it is not possible to change the indentation 
displacement rate within the nanomechanical test by more than a factor of two. 
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Table 17: Measured values of average elastic mod I· d 
. U I an standard deviations 
obtained for the polymeric surfaces by quantit t· . a Ive nanomechamcal mapping and liT. 
Elastic Moduli values (GPa) and standard deviation 
liT Tap525 PDNISP Tap190 
LOPE 0.24 ± 0.00 0.62 ± 0.2 0.58 ± 0.1 0.34 ±0.1 
HOPE 0.88 ± 0.00 1.08 ± 0.2 1.30 ± 0.3 1.67 ±0.3 
ABS 2.11 ± 0.05 1.38 ± 0.5 2.96 ± 1.2 
PS1 2.70 ± 0.06 2.19 ± 0.4 2.50 ± 0.2 2.73 ± 0.2 
PC 2.68 ± 0.00 2.49 ± 0.3 2.31 ± 0.2 
PES 3.12 ± 0.04 2.78 ± 0.2 3.15 ± 0.2 
VE 3.49 ± 0.02 2.45 ± 0.5 2.84 ± 0.4 2.42 ± 1 
PVOF 2.46 ± 0.05 1.98 ± 0.5 2.06 ± 0.4 2.86 ± 0.4 
PS 3.24 ± 0.03 3.24 ± 0.3 3.24 ± 0.3 3.24 ± 0.4 
PS8 3.67 ± 0.04 2.65 ± 0.6 2.28 ± 0.2 2.39 ± 0.2 
POM 3.17±0.16 2.19±0.4 2.32 ± 0.2 2.88 ± 0.6 
PMMA 3.70 ± 0.02 3.06 ± 0.6 3.88 ± 0.6 4.20 ± 1.4 
8.3.5 Application of high-speed nanomechanical elastic modulus 
mapping to a polymer-polymer interface 
Figure 129 shows a map of the surface elastic modulus of an ABS-PMMA interface 
sample prepared by mechanical polishing. Two phases are present: PMMA in the 
lower half of the image and ABS in the upper half. The elastic modulus map 
correctly identifies the average elastic modulus of each phase, although it has 
highlighted the scratches in the PMMA. The polishing compound used in the final 
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surface preparation was 50 nm close to the t' d' , Ip ra IUS of 37 nm. Whilst AF M 
nanomechanical mapping does separate some h . ht . . . 
. elg variation Images from the 
adhesion and elastic modulus data , it is not possible to remove the effect of changes 
in the contact area, as reflected by the elastic modulus variation in the PMMA. 
3. DMTM odulus 
Figure 129: Elastic modulus map of a PMMA-ASS interface with approximately 3.1 
GPa measured on PMMA and 1.2 GPa measured on ASS. 
Figure 130 shows a comparison between the ABS-PMMA interface sample and the 
single-phase polymers that were measured separately. The histogram presented in 
Figure 130 of the ABS-PMMA sample is taken from the elastic modulus map In 
Figure 129. 
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Figure 130: Histogram of elastic modulus values obtained on ASS, PMMA and the 
ASS-PMMA sample in Figure 129. 
The elastic modulus histogram of ABS-PMMA shows two peaks, each matching the 
histograms obtained from the separate polymers. The ABS-PMMA histogram shows 
a slight positive skew to the PMMA constituent and a slight negative skew to the 
ABS constituent, possibly as a result of topographic changes over the surface 
altering the contact area for each point in the image. 
8.4 Concluding comments 
The present work has shown that AFM nanomechanical mapping has the potential 
to be a useful supplement to liT for measuring the small-scale elastic modulus of a 
polymer surface. The technique can provide repeatable measurements of polymer 
moduli for a number of different probes when careful calibration procedures are 
used. In spite of this , there are difficulties when polymer surfaces are characterised 
that have significantly different moduli from the calibration samples , which might 
partially be overcome if the PeakForce QNM software could be modified to allow for 
additional contact models to be used in the analysis . 
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9 Concluding remarks and suggestions for future 
work 
9. 1 Concluding remarks 
The aims of this work were to 
• Establish the extent to which the AFM may be used to mechanically 
characterise any interphase region, where present. 
• Develop a procedure that may be used to quantify AFM measurements in 
terms of the surface elastic modulus. 
• Develop a procedure that may be used to identify whether or not the AFM 
may be used to measure the properties of interphases without influence from 
the composite reinforcement. 
These aims have been met. For example, the AFM was used in a variety of different 
operation modes to measure any variation across the interfacial region in glass-
reinforced polymer composites. From the AFM scanning modes it was clear that any 
mechanical measurements would need to be quantified, and that the results would 
need to take into account the resolution of the measurement and the proximity to the 
reinforcement. The AFM, in force-displacement mode, was found to have the 
greatest potential for quantification. Two procedures were then developed using the 
AFM in force-displacement mode. 
The first procedure was for performing multiple AFM indentations (in force-
displacement mode) in an array across a composite interface, and then calculating 
the elastic modulus for each indent. For this, the measured force-displacement 
curves were evaluated using an algorithm that detected the first-point-of-contact, 
subtracted the indentation only portion of the curve, corrected for the frame 
compliance (derived after indentations on sapphire) and then calculating the 
reduced elastic modulus using Hertzian contact mechanics. The procedure was 
demonstrated for three systems; a glass flake-reinforced polypropylene composite, 
a glass fibre-reinforced vinylester composite and a copper-tin intermetallic sample. 
The results indicated that the AFM indentation method was suitable for measuring 
the elastic moduli across an interface, and in each case a short region of apparently 
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increased elastic modulus was measured. For the lead free copper-tin intermetallic 
system, this region of increased elastic modulus was shown to be an interphase, as 
the measured elastic modulus was higher than that of the two other material phases 
and was in agreement with published work. However, for the two polymer 
composite systems, it was not possible to determine whether this increase in elastic 
modulus was an interphase or a transition region. 
The second procedure was developed to enable the identification of measurement 
artefacts. This procedure was based on the hypothesis that any indentations that 
were restricted by the proximity of the reinforcement would be subject to a lateral 
force at the tip. This would result in a lateral deflection of the tip and a corresponding 
torsion of the AFM cantilever. The second procedure involved the measurement of 
this torsion on the AFM cantilever during indentation. This was demonstrated by 
both FEA and experimental measurements of indentations across the interface of a 
glass fibre-reinforced phenolic composite. The results from this study showed a 
correlation between apparent increases in the elastic modulus and a change in the 
torsion of the AFM cantilever for all indentations within a distance of about w = 2.5R 
where w is the transition width and R is the contact radius. 
These observations agreed with observations in the literature. It is therefore 
suggested any indentation-based measurement of composite interfaces should use 
measurements of the torsion of the cantilever in order to distinguish measurement 
artefacts from interphase measurements. 
Finally, a new and novel AFM based technique, with the potential for quantified 
measurements has been reviewed. The work has shown that AFM nanomechanical 
mapping has the potential to be a useful supplement to liT for measuring the small-
scale elastic modulus of a polymer surface. The technique can provide repeatable 
measurements of polymer moduli for a number of different probes when careful 
calibration procedures are used. In spite of this, there are difficulties when polymer 
surfaces are characterised that have significantly different moduli from the 
calibration samples. This complication might partially be overcome if the PeakForce 
QNM software could be modified to allow for additional contact models to be used in 
the analysis. 
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9.2 Suggestions for future work 
In this work a procedure was developed for calculating the elastic moduli of multiple 
AFM indentations. Using this method, the additional manipulation of the coded 
source files to extract the relevant data is rather large. The surface mechanical 
property measurement community would thus be benefitted by the further 
development of automated analysis software for AFM force-displacement 
indentations. It would be advantageous for this development to include the ability to 
use any indentation contact models. As a consequence, it would then be possible to 
use sharper probes for higher resolution indentation measurement of small-scale 
structures. 
The work in this dissertation has emphasised the fact that the AFM indenter may 
interact with nearby harder reinforcement, so that the resolution of a technique is not 
purely based on the size of the contact, but on the size of the interaction 
surrounding the contact, and the spacing between the measurements. It would be 
advantageous to be able to compare the size of the interaction (between the 
measurement and the nearby harder reinforcement) for indenter tips with different 
geometries. This might be achieved by modifying the finite element analysis model 
that was developed as part of this work, and might enable future researchers to 
select the most appropriate indenter tip for their measurement resolution 
requirement. 
In order that further understanding of the composite interface be developed, it would 
be advantageous to be able to initiate and then measure the fracture toughness at 
the micro- and nano-scale. This might be achieved by measuring the fracture 
initiation loadings with increasing distance from the interface. The fracture initiation 
loading might be identified from the load-displacement curve by detecting any 
sudden change in the AFM cantilever torsion that might be caused by a fracture. 
This type of interfacial test has already been developed for brittle interfaces using 
micro-indentation [85]. Whilst a full understanding of the complex stress state at the 
interface will be required in order to produce fracture toughness values for an 
interface, it could at the very least, be a useful method of comparing interfacial 
fracture strength post production. 
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